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ABSTRACT_

Analytical and experimental research was conducted
to investigate the use of a variable camber, cyclic controlleo
propeller, in combination with a partially-tilting wing with
full-span flaps, to permit V/STOL aircraft operation. These
features were incorporated in a full scale oxporimental air-
craft designated the K-16B. This aircraft was uEed to explore
the feasibility of a unified propulsion-control system designed
to reconcile the conflict between the requirements of static
thrust in hover and high-speed propeller efficiency, and to pro--
vide helicopter-type control in hover without the need for auxi-
liary control devices. This is accompliched by trailing edge
flaps in the blades of the propeller. Collective deflection
of these flaps Jcreases blade camber for high static thrust.
They are retracted in forward flight for a clean cruising-blade
profile. Cyclic deflection of the flaps furnishes control mo-
ments in hover. The system was investigated on ground bench
stands and in full-scale powered model tests of the K-16B.in
the NASA, Ames Research Center, 20 x 80 foot wind tunnel.

The configurztion tested proved to have insufficient
thrust for vertical flight as its instrumented test gross weight;
lateral and directional control power was deficient; severe wing
and horizontal tail stall were encountered in portions of the
transition region; and - number of detail design deficiencies
became evid-nt. For these reasons, flight tests were not con-
ducted. Data from the wind-tunnel tests, however, served to
validate methods of analysis devel,-ped during the program, and
the final methods show good crreh1.tioa.

This report presents the data and the methods and
correlations; describes the testing performed und the problems
encounteres; and shows the probable solutions to the problems
encountered.

It is concluded that the propulsive rotor is a fea-
sible concept for propeller-driver V/STO aircraft, offering
a unique combination of advantages for propulsion and control,
of such aircraft; that a practical and effective rotor could
probable be developed using the research data and methods of
analysis developed in this program.

1

*1



FOREWORD

This report was initiated by the Air Systems

Command, Department of the Navy. The research and develop-
ment work upon which it is based was accomplished under
Contract NOa(s)56-549c by Kaman Aircraft Corporation of
Bloomfield, Connecticut during the period from February 1956
to September 1962. The senior author, Mr. Harry S. Egerton,
was Project Engineer reporting to Mr. Donald W. Robinson,
Jr., Chief Research Engineer. Aerodynamic analyses were
performed under the direction of Mr. James E. Fitzpatrick,
Project Aerodynamicist.

The program was conducted under the direction of
Mr. W. Koven, RAAD-322, assisted by Mr. B. Stein and
Commanders Kuser, Meshier, and Oberholtzer.

Acknowledgement is made to the Curtiss-Wright
Corporation of Paterson, New Jersey, for t'a loan of a
'Mamba" engine to power the second phase research test
stand, and to the Grumman Aircraft Engineering Corporation,

Bethpage, i.I., New York, for furnishing detail design data
of the JRF-5 airplane.

This document, including the illustrations, is
unclassified in its entirety.

Donald W. Robinson, Jr.

ii1



Page

Introduction 1. History and Philosophy of Development 3
Conception 3
Grn nd Research Stands 8
Flight Research Aircraft 8Analyses and Tests 12
Aerodynamics 16Dynamics 

23
Stress Analysis 26

Static Structure 26
Dynamic Systems 28

Test Article Development 33
Propulsive Rotor 33

Hover Performance 33
Transition Performance 34Performance Improvement 35
Component Hardware 40
Component Improvement 42

Airframe 44
Performance Improvement 47Power-And-Drive System 50

Miscellaneous 52
Full-Scale Thrust Stand and Wind Tunnel Program 53

Hover 54

Performance (Wipg-Flap) 59
Control labillity 69

Transition 92
Airplane Performance 92
Rotor Performance 101
Control 104

Forvard Flight Flapping 111
Conclusions 

115References 117
Figures 119
Symbols 120

ii

L ___________________



Page

Appendices

A. Principles of Propulsive Rotor Control 122
B. Vehicle Description 125
C. Details of Full-Scale Tunnel Tests 135

Test Equipment 135
Test Operation 135
Determination of Engine Power 140

D. Method of Determining Rotor
Performance 153

Hover 153
Forward Flight 134
Transition 155
Rotor Controllability in

Hovering Flight 157
Cyclic Inflow Variation 160
Hub Moment 162
Longitudinal Trim and Control 164
Control to Trim 169

E. K-16B Stability and Control 173
F. K-16B Performance 175

G. Distribution 178

iv

*1



Ii
I.

ii _______



INTRODUCTION

Information about the hover and transition stabil-
ity and control characteristics of V/STOL aircraft that have
flown is sparse and closely guarded. But, it has been offi-P cially acknowledged that all V/ ;TOL's that have flown have

exhibited control and stability deficiencies, and that pro-
peller driven V/STOL's have also been wanting in static
thrust. A description is presented of a V/STOL aircraft
research program that demonstrates a unified propulsion-
control system that resolves many of the difficulties.

A propeller can be. an efficient, unified propul-
sion-control unit. But success using a conventional propel-
ler is illusory. V/STOL experience has shown the conven-
tional propeller to be an inefficient static thrust producer.
When the propeller is designed for static thrust require-
ments, the same experience shows that cruise efficiency

{"i suffers. Adding blade-pitch cyclic control makes matters
worse. Hover cyclic control requires cyclic lift, but con-

trol is limited by blade stall if conventional propellers
are used. This becomes apparent if a blade-section lift
curve is pictured. In hover, the blade will be very highly
loaded, and the mean lift coefficient will be at a point on
the curve that is very near stall. Cyclic control will calli for additional lift, which will cause the blades to stall.
Of course, the mean lift coefficient can be backed down the

curve to provide a margin for cyclic lift, but there will be
an accompanying decrease in static thrust capacity.

A high-lift device in a propeller wi I give addi-
tional mean lift coefficient in hover and reduced coeffi-
cient in cruise, permitting the propeller to satisfy both
ends of the speed spectrum. But this is only a partial so-
lution. For example, it is desirable to eliminate a tail
rotor and its recognized disadvantages of lift/nitch
coupling, high-frequency vibration induced in the structure,
and the high maintenance cost of the drive. The high-lift
device, then, must also provide for contrj] analogous to
helicopter control. It can provide this control without
stall because of its ability to furnish increased lift co-
efficient.

1P
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Our approach to a high-lift device is trailing
edge flaps in the blades. Collective deflection of them
provides variable camber, resolving the conflict between
static thrust in hover and propeller efficiency in fixed-
wing flight, Cyclic deflection of the flaps results in cy-
clic lift control in a manner duplicating the hovering con-
trol of . helicopter. For cruising flight, the propeller
provides thrust in a conventional manner with the blade

flaps undeflected.

The concept has been incorporated in a twin pro-
pulsive-rotor (cyclic propeller), partial-tilting-wing,
V/STOL amphibious airplane designed to applicable Military
specifications for both Class VU and helicopter structural
and flying qualities. Under Bureau of Naval Weapo, Con-
tract NOa(s)56-549c, we conducted intensive rusearcti of the
approach, using a modified JRF-5 airframe which was redesig-
nated as the Model K-16B. The tilt-wing accommodates sym-
metrically disposed powerplants, each driving a propulsive-
rotor. The rotors are interconnected to prevent asymmetric
thrust in the event of a one-engine failure.

Correlation of data from ground stand and full
scale wind tunnel testing confirms the propulsive-rotor to
be an efficient propulsion-control assembly. The testing
illuminated several mechanical problems, principally with
oscillating bearings in the blade-flap control system. But
the solutions are in hand with a redesign of the control
system geometry, and with the development of high-capacity
self-lubricating bearings and elastomeric bearings. Though
the answers to many questions are now known, the develop-
mental implementation of second generation V/STOL aircraft
such as the XC142 and the X22 caused funding limitations
that prevented flight research with the K-16B.

This report presents details of conception, re-
search, and evaluation of this V/STOL design, along with
actual or recommended solutions of problems that arose.
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HISTORY AND PHILOSOPHY
.. _ OF DEVELOPMENT

CONCEPTION

Controllability of the VTOL at low speeds must be
comparable to the helicopter if it is to maneuver effectively
near the ground. Precise spot-hovering, particularly in
gusts and winds up to 30 knots, compounds the problems of
adequate hover control. Further, the conflict between pro-
peller performance requirements for hover and for fixed-wing
cruise must be resolved.

Our V/STOL studies began in 1954 and were con-
cerned with the area of propulsion. But, very early in the
study it was recognized that operational feasibility could
not be obtained until effective controllability in the hover
and low-speed regime could be demonstrated - an area in
which little or no effort was being applied at that time.

It was necessary to make the first attempt to de-
rive controllability criteria for the low-speed regime of
V/STOL aircraft. Because the helicopter was the only air-
craft type that had achieved satisfactory VTOL control, it
was logical to base a set of working criteria on the type.

Discussions with company test pilots indicated
that maximum acceleration about the three body axes was a
good measure of helicopter controllability in hover. This
appeared to be a reasonable approach because angular accel-
erations of the aircraft produce proportional translational

-4U 1tekL UjI at tl 4 1** ;,, o - a. _4pot ant itern LI&I. f

sensory information used by the pilot for controlling the
vehicle. By plotting maximum angular acceleration in pitch,
roll, and yaw for known successful helicopters against gross
weight, a set of working criteria was established.

For representative V/STOL configurations a good
"rule-of-thumb" was found: A maximum pitching moment equiv-
ale-nt to that produc- ., by a vertical thrust at the tail of

approximately 20 percent of gross weight is required in
pitch; 10 percent of gross weight at each wing tip in roll;and 6 percent of gross weight at the tail in yaw. Obtain-

ing these amounts of thrust with auxiliary devices such as
blowers, engine bleed, jet engines, or tail rotors appeared
either impractical or costly in terms of fuel consumption,
weight penalty, or complexity.

3_



It was decided that the best compromise for a sub-
sonic configuration would be a propeller-driven vehicle with
a disc loading between that of a normal helicopter rotor and
a conventional propel'ir. If range and speed requirements
are relatively modes and if extensive hovering is re-
quired, then the natural choice is the helicopter. On the
other hand, if long range and high speed are primary consid-
erations, the normal approach would be to impart VTOL capa-
bility to the conventional high-efficlency airplane. Where
speeds greater than 400 knots are not required, an efficient
approach is the tilt-wing, propeller-driven configuration.

It is apparent that the design of a control sys-
tem concerns first, the selection of methods to produce con-
trol forces in their proper locations; second, the design of
a system that transforms pilot, commands into properly pro-
portioned actuation of the control force producers.

A less obvious aspect, of hovering control is that
of providing translational forces along the three body axes.
To hover the aircraft over a precise spot, the pilot must be
able to maneuver the aircraft fore and aft, from side to
side, and up and down, not only in still air but also in

gusts and winds ul to 30 knots. It is desirable that the
aircraft be able to provide these transiational forces with
a minimum of angular rotation because the time response,
particularly for large aircraft, and the relative disorien-
tation intro'-.ced by using only angular rotation to produce
translationa_ forces increases piloting difficulties.
Hence, there is a desirable relationship between the trans-
lational forces and the control moments, inj terms of magni-
tude and time response, for the aircraft to provide easy
piloting technique.

R-1I .trl , c r be atta-4lt " db- .J .. .c i -4-1
of the right- and left-hand propellers.

An apparently straightforward way for obtaining
yaw control is by differential aileron. But in ground
effect the ailerons tend to lose some of their effective-
ness - as much as 50 percent. Now, from theory based on a
25 percent-chord aileron, the value for aileron effective-

ness (dC /dd) is 0.5. This value can be affected by

nacelle shape, slipstream rotation, or ground effect, and
might be reduced to as little as 0.2. To get the value of
0.5 in ground effect the ailerons would have to be relative-
ly very large. Tail fans also have been used for direction-
al control but have disadvantages both mechanical and aero-
dynamic, the latter in particular in high-speed Flight.

4
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on a low-wing configuration that might give the flap an
appreciable moment arun, but it will result in an ungainly
coafiguration. A tail rotor adds mechanical complications,
re4U ±L4 s "A& . 4,C$ 4.t ._4I_7 i LAVu .L %5.J.L FWVVL I il . UU c Ve.t....
cal acceleration coupling, does not provide fore-and-aft
translational forces, and gives drag in forward flight. A
Jet engine or a blower is impractical from a fuel consump-
tion standpoint.

A cyclic control system has the advantage of pro-
viding control moments about, and translatimil forice-s along
all the aircraft axes in a manner similar to ttaL of a heli-
copter. Because the thrust vector is tilted with cyclic
control, a translational force that anticipates aigular
rotation is produced.

Hover cyclic control is limited by blade stall if
simply added to conventional propellers. V/STOL propeller
blades are highly loaded ii hover (very near stall), and it

is desirable to carry even higher C" Cyclic control means

cyclic CL, imposing additional burdens on blade loading.

According to Fay (41), an invariant-camber propeller blade
will generate appreciable control power within the capabil-

ity of the blade without stall provided that C1 is compara-

ble to helicopter rotor design practice. But such a blade
will have unacceptably poor efficiency at the low thrust
coefficients required for cruise. Blade trailing edge flaps,

being high lift devices. give additional cyclic C. addi-

tional CL in hover and reduced CL in cruise by retraction -

nearer to best L'D - and therefore better efficiency- The
incorporatiGn of a blade flap allows the selection of a
blade profile and activity factor compatible with the high-
speed propeller requirements, but by collective flap de-
flection attain the higher lift coefficients (because of the
greater virtual camber) required for hover performance, with
ample margin for necessary cyclic control and trim inputs
without stall.

To minimize the cruising efficiency penalty that a
high-activity-factor static thrusting propeller entails, it
is advantageous to operate the hovering propeller at as high
a blade loading as is possible. For examplo, to satisfy

_ _ 6 __



hovering requirements a highly cambered airfoil is necessary
to detain a high blade loading. The rapid drop in required
thrust from hovering to lorward flight, however, forces the
propexllcr to operate at low thrust coolficients in cruise.
To operate efficiently at these low coofficionts, a low
solidity is needed to keep the blade loading nuar tie niaxi-
-rum lift/drag ratio on the blade section. Variable camber
blades will resolve these conflicting requirements.

The beauty of the concept can be shown by an il-

lustrative Ulade-section lift curve. In hover, an invari-
ant camber blade, designed for
a reasonable cruise efficiency,
would be operating at Point A A
on Line 1. Cyclic control

requires additional CL. A cy- r,

clic control input then would /
move the blade over the peakinto stall. The mean lift L "- ri

coefficient will have to be

backed off to Point A to pro- /
vide a margin for cyclic con-
trol, but there will be an ac-
companying decay in propeller /A
hover performance. A propul- A
sive rotor, designed for the
same cruise efficiency, could
have a curve represented by
Line 2 because of its vari-
able camber capability. It
wou]d operate at Point B.
The trailing edge flap of the
n1,t-ropui-i Ot o r -e

h 
. .i.. 3 1

high-lift device; so, a flap
deflection for cyclic control would result in Line 3. There
,s no decay in hover performance, and there is an inci-crmentai

increase in CL for cyclic control to Point C, without blade

stall. For fixed-wing flight, a propulsive-rotor with flap
retracted would be equivalent to a conventional propeller
in terms of geometry, twist, camber, and efficiency.

Kaman helicopters have been hallmarked by their
servo-flap system. A so-called "buried" flap had been ex-
tensively analyzed and flight-tested under Bureau of Naval
Weapons Contract NOa(s)52-622 and reported in KAC Reports
T-86(42); G-43(43); arid G-51(44).

6"r i
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Drawing or, thiS bacgon, ..... e-rot.r wag.
designed with a twist distribution for reasonably-high-speed
cruise efficiency, but reconciling the conflicting require-
ments for cruise efficiency and high static thrust in hovur
y ubing a trailing e dg flap tO prOVide _varabilecamhor

blade. The introduction of cyclic lift control by cyclic
deflection of the flap presented an economical system for
attaining the control forces and moments. A flapping blade
was adopted to reduce the root bending stresses caused not
only by the thrust offset, but also by the one-per-rev vibra-
tory stresses characteristic of the high angle-of-attack
condition of VTOL and STOL aircraft in transition flight.

The strip analysis method (Appendix D) used for
hovering flight is conservative when compared with a propel-
ler oi biIiIar thrusting characteristics. The reasons are
twofold. The strip analysis method makes ube of two-dimen-
siona. data which includes the effect of stall. In forward
cruising flight the method is good because the sections are
operating far below the stall. In hovering flight, because
of high compromise twists, the inboard sections are operat-
ing at an angle-of-attack beyond which stall would occur in
two-dimensional flow. But on an operating propeller a
strong radial pressure gradient exists due to higher veloc-
ities at the outboard stations. The spanwise pressure gra-
dient produced by rotation has the effect of sweeping the
boundary layer outboard toward the tip. It thus postpones
the stall at more inboard stations. On a model propeller,
the maximum lift at the 80 percent radius station was in-
creased by approximately 30 percent as a result of this
boundary layer thiining (Himmalskamp - 45). In addition,
when blade stall proceeds toward the tip, a tip vortex
sheet is produced which increases blade lift and drag
(Kucheman - 46).

No method has beetu found for relating tho strength
of these vortex sheets to the tip angle-of-attack and load
distribution; therefore they are not accounted for in the
two-dimensional strip analysis. Because the effect of the
natural boundary layer control on the inboard sections is
not taken into account in the present analytical method, the

calculated results are conservative.

The analytical predictions were so encouraging the
Bureau of Naval Weapons awarded Contract NOa(s)56-549c
(February 1956) to continue the research. In view of the
unique nature of the concept, the Bureau elected to design
the program in phases.

K-1
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The first phase was designed to substantiate the
predictions with a feasibility model. A prototype 3-bladed
..... VA -,, aiet , with buried flaps of approximately
50 percent chord and 50 percent blade span was tested on a
helicopter whirl-test stand. The investigation covered
ranges of collective flap deflection to increase static
thrust, and cyclic flap deflection to obtain control forces
and moments. The results of the test concurred with the
analytical methods developed for predicting aerodynamic and
aeroelastic characteristics ol a propulsive-rotor.

This feasibility test experimentally established
the validity of the hypothesis, but at relatively low levels
of power and speed. Consequently, the contract was amended
(January 1957) to authorize a more sophisticated ground test
stand evaluation.

Obtaining a balance between the power-installed
requirements for cruise and those for hovering is an impor-
tant function of V/STOL design. Amongst the various V/STOL
configurations, the tilt-wing presents a unique opportunity
for obtaining the desired balance by virtue of its freedom
to select a wing of nearly or actually optimum loading.

If the vertical lift at zero forward speed is pro-
vided by slipstream turning the resultant force is less than
the thrust of the propeller; that is, there is a turning
loss and the loss must be made up with moro thrust from the
propeller. On the other hand, if the vertical lift is
obtained by tilting the wing-propeller combination through a
right-angle, wing stall problems in transition can become
acute. From paramtric studies, it appeared that a combina-
tion of the two prinrcples should be odopted.

In the K-16B, a Fowler flap is deflected 40 de-
grees to deflect the slipstream 20 degrees. Consequently,
the wing need be tilted only enough to make up the remaining
70 degrees. Fuselage angle, both on the ground and in
flight, can be a portion oI this latter angle. The 20 de-
grees of sl.ipstream turning can be accomplished with a mini-
mum of turning loss. Because the wing flap deflects the
slipstream, the wing attitude angle required to sustain the
aircraft in equilibrium at a particular speed is lower than
without flaps. The wing resultant angle-of-attack conse-
quently is lower, which reduces transition stall problems.

Another factor influencing the choice of tilt-wing
and flap configuration is the longitudinal trim character-
istics. The large flaps of a deflected slipstream vehicle

*s [



cause a large nose-down pitching moment. The propeller
normal force of a tilt-wing configuration results in large
noso-up pitching momients. The K-1GB combines both to njini-

mize the out-of-trim moments to b, overcome by the controls,

Finally, the flapp.d wing afilords reasonable power-
off stalling speeds in conventional airplane configuration.

A twin-engine utility airplane in the 9000 pound
class was blocked out. Turbine engines in the 1000-hp range
being required, suitable rotor and drive systems were de-
signed and fabricated. In addition, a half-bpan wing fitted
with 40 percent Fowler flaps, nacelle, and cowling, designed
to Specification MIL-A-b629 Class VU, was built.

These components were installed on a test stand
that was appropriately floated on loadcells to perwit meas-
urement of the six component6 of force and moment for the
determination of controllability, thrust, and lift perform-
ance. Additional instrumentation permitted a strain survey
of the blades and hub, and neasurements of blade motions,
blade/flap hinge moments, and control inputs. The program
also evaluated the degree of slipstream dellection by the
wing-flap, rotor/wing slipstream interference, wing
straightening effect, and effect ol ground proximity.

Again results we3re in general accord with the
hypothesis, although they did disclose areab, both in analy-
sis and design, that required modification. These problems
and their solutions are discussed in the "Test Article
Development" section.

During the closing stages of the test program,
analysis of data indicated that either further experimental
resut t would (A,,in. . to agree withl tneory, or th4e required
modifications Lo analytical techniquos were known. With the
successful conclusion of testing expected in the near future,
the contract was again amended (June 1958) authorizing a
flight research vehicle.

FLIGHT RESEARCH AIRCRhFT

The purpose of this aircraft, known as the K-16B,
was to provide a vehicle that %ould assist the Burcau of
Naval Weapons in the estal)[ishmenL of both flying qualities
and structural specifications for the coming generations of

V/STOL aircraft. To provide for a reasonably thorough as-
sessment, a considerable degree of flexibility must be in-
corporated into the various systems. A structural flight

9



envelope approaching that oi operatio.il aircralt must also

be provided. Both objectives have been met in the K-16B.

In the interest of economy, the Bureau furnished asurplus jit-5 fuseiage to bc modiuied tor V,'ZTUL operation.

Because this is an amphibious fuselage with known hull
characteristics, an additional advantage accrued to the
overall program in that a qualitative assessment of V/STOL
open-ocean operation could be made.

A description of the structure and systems, and a
summary of the principle design dimensions will be found in
Appendix B. The general arrangement is shown in Figure 1.

The authorization to proceed with the K-16B also
called for dynamic substantiation of the rotor and of the
power-and-drive bystem. Normally, the analytical treatment
is substantiated by separate bench btand to:. ing ol the
components before they are brought together fur systems
dynamic substantiation. Considerable economies can be real-
ized by moving immediately to a qualification test of the
complete system without prior component testing. But this
entails a calculated risk - it one component fails the fail-
ure may be catastrophic, and at the least will delay work on
the entire system. However, in view of the limited funding,
the endurance stand was designed to qualify both the con-
ponents and the complete system at the same time.

Subsequent to the authorization of the flight
vehicle the decision was made to perform a full-scale wind
tunnel evaluation. After functional tie-down testing, the
airplane was shipped to NASA, Ames Research Center, for
testing in the 40 x 80 foot wind tunnel.

analyses and test-. that evaluate the ability of the K-16B to
safely perform witiin the prescribed flight envelope. An
analysis of the full-scale wind tunnel data will be found in
a later section. In the section "Test Article Development"
are reviewed a number of problems that arose and their solu-
tions, and problems that remain and their probable solutions.

10

6.l



S..,.

•a 

'-I-.*, .
.

-. I . . .

i 
' 

-' -
-'

-

"*-2 

- I
. . ... 

-

,' 
'"

" " 
't 

' 
'-

-
.

.5,- 

I

I .



ANALYSES AND TESTS

The first phase of the propulsive-rotor research
was designed to correlate analytical predictions with tests
of a feasibility model. A prototype 3-bladed rotor of 14-
foot dameter with 50 percent chord and 50 percent blade-
span buried flaps was tested on a helicopter rotor whirl-
test stand. This test set-up is shown in Figure 2. The in-
vestigation covered ranges of collective flap deflection to
increase static thrust, and cyclic flap deflection to obtain
control forces and moments.

The results of the test, presented in KAC Report
G-90(1), concurred with the preliminary estimates cf aero-
dynamic anc aeroelastic characteristics of a propulsive-
rotor. It was concluded:

e the hover controllability of present-

day helicopters represents a reason-
able criterion for design of V/STOL
control systems;

0 in terms of additional power and
weight requirements, the most econom-
ical way of achieving this degree of
control in propeller-driven V/STOL
aircraft is by means of cyclic lift
control of the propeller;

* trailing-edge flaps on the propeller
blades provide a satisfactory degree
of cyclic control;

* steady, positive, trailing-edge flap
deflections provide increased propel-
ler maximum lift coefficients.

This feasibility test stand experimentally estab-
lished the validity of the concept at relatively low levels
of power and speed. Consequently, the contract was amended
to authorize a more sophisticated ground stand evaluation
of the concept.

This phase of the program was accomplished on a
test stand floated on Baldwin-Hamilton Type U-1 loadcells,
permitting the determination of lift, thrust, and side
forces, and of pitching, yawing, and rolling moments. On
this stand were mounted a half-span wing fitted with Fowler-
type flaps, a nacelle, and one rotor and drive system.

12
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Figure2

Feasibility Test Stand
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Structural components peculiar to a flight article were
designed to the criteria for Class VU aircraft of Specifi-
cation MIL-A-8629, that the test results might reflect the
compromises normally encountered when designing an opera-
tional military aircraft.

The test stand as described (Figure 3) permitted a
performance assessment out of ground effect. To investi-
gate the influence of ground proximity on performance, a
plane was constructed to simulate the ground (Figure 4).

The results of this testing were again in general
accord with the developed procedures, (KAC Reports G-111-1
through -4)(2/5), although the program did disclose areas
in the particular hardware, both in analysis and design,
that required modification. They were:

* variable inflow theory must be consid-
ered in the rotor analysis;

* to increase flapping sensitivity re-
quires the introduction of negative

o lead-lag freedom is not a necessity;
* flap hinge moment must be reduced.

During the closing stages of this testing it was
apparent that procedure had been substantiated, so the con-
trzct was again amended to provide for a V/STOL flight re-
search aircraft. A surplus JRF-5 to be modified to the
V/STOL configuration was supplied by the Bureau.

This vehicle was to furnish a platform that would
permit the safe accowplishment of flight research within a
mes.ningful envelope to assist in the establishment of real-
istc flying qua-- -,-r viSLOuL arcrart.
To meet this requirement it obviously could not be a
limited-envelope test-bed; there must be adequate engineer-
ing justification supported by ground test in areas of
question. But funding limitations affected planning. Ini-
tial jixdgement indicated that the engineering justification
could be substantiated by the following tests:

o powered 1/8-scale wind-tunnel model;
* wing proof-load;
* controls proof-load;
* mechanical instability and flutter;
* dynamic component endurance;
o functional tie-down.
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Figure 3

Aerodynamic Research Test Stand
without Groundboard
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Figure 4

Aerodynamic Research Test Stand
with Groundboard
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Subsequently, the test program was expanded to inciude:

additional 1/8-scale model wind-
tunnel tests;

Sblade flap and flap-rvtention fatigue

test;
* blade flap-control fatigue test;
* simulator flight evaluation;
* 1/8-scale wind-tunnel tests of blade

flapping and damping in high-speed
flight;

" full-scale wind-tunnel test.

AERODYNAMICS

Aerodynamic analysis followed a normal pattern,
the only deviation being the need to consider two flight
regimes for the same airplane - airplane in fixed-wing,
high-speed flight, and helicopter in low-speed flight.
Analyses covered methods of analysis, airloads, and esti-
mated flying qualities, and are reported in KAC Reports
G-113-2(7); -4(9); -5(10); -7(12); and -31(36). Applicable
reports were modified as results of testing became avail-
able.

Estimating stability and controllability of the
aircraft at all flight speeds was complicated by the un-
usual trimming and control devices available. The steady
level flight of an aircraft requires a balance of forces in
the vertical and horizontal directions. In any airplane
this is brought about by a combination of propeller thrust
and wing lift that balances the aircraft weight and drag.
In the K-16B, because of the high thrust available, this

is reduced below the flaps-down stalling speed, more of the
lifting force must come from a component of the rotor
thrust, and ttr attitude of the wing-propeller combination
in apace must move toward the vertical. If the wing and
fuselage were fixed with respect to each other, rather in-
convenient attitudes would result. The pilot of the K-16B
can, however, tilt the fuselage down with respect to the
wing as speed is reduced. Fuselage attitude, therefore,
can be considered a trimming device. In addition, the
regular aerodynamic control surfaces become inadequate at
these low speeds, and full control is obtained by the cyclic
and differential-collective control of the rotor's artic-
ulattd blades.

16
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The detail design specification for the 1/8-scale
wind-tunnel model is found in KAC Report G-113-1(6). Each
-iodel rotor was driven by a 30-hp electric motor through a
2. 17:1reduction genrbox and run at an rpm that was varied

from 8000 to 12,000 rpm. To match " with available powerc

and speed, the rotors were four-bladed but otherwise scaled
dimensionally. The blades did not have trailing-edge flaps
but did have flapping hinges. A strain-gage balance within
each nacelle measured rotor thrust, torque, normal force,
and pitching moment about the hub.

The tests were conducted in the DTMB 3 x 10 foot
Atmospheric Wind Tunnel No. 1. Figure 5 shows the model
during test operations. These tests were completed by
February 1960 and are reported in DTMB Aero Report 998(47),
and KAC Report G-113-7 Appendix A(12). Aerodynamic predic-
tions of suitable stability were generally substantiateC,
except for directional instability in the airplane "clean"
configuration. Additional area added to the vertical fin
corrected this.

As a result of these tests however, the possi-
billity of stall was indicated on the model under conditions
simulating level flight at speeds between 20 and 60 knots
(Ibid). "Fallout" from NASA research then in progress also
indicated that transition ;stall might be more serious than
originally believed. Henco, the model was retested with
several configuration changes to assess their effect on
transition stall.

The leading-edge was nioditied in a manner similar
to that shown in NACA TN2228, Figure 2(48). A leading-edge
slat, a modification cf that reported in ",,A T-l 2 (4V) ,

was also tested. Further, a center section slat was
empiricalLy designed.

All the configuration changes resulted in improve-
ment in the model aerodynamic characteristics. In view of
the good results obtained with the leading-edge modification
(a glide-path angle of 10 degrees could be maintained
throughout the transition), it was decided to use it during
the upcoming full-scale wind-tunnel tests. These model
tests were completed during November 1961, and are reported
in KAC Report G-113-31(36).

At about this time a simulator flying qualities
pilot evaluation was conducted at Nortl American Aviation,
Coiumbus Division, on their visual analog VTOL simulator.
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Figure .5

1/8-Scale Wind Tunnel Model
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The estimated flying qualities were evaluated by pilots from
BuWeps, Kaman, NASA, and NAA. The dynamic stability and
control cnaracteristics in hovering flight were found to beflyable but with sufficient unpleasant characteristics to
hamper satisfactory sustained hovering operation. The re-

sults of the mid-transition and conventional flight evalu-
ation showed the expected improvement of flying qualities
with speed. The flight characteristics at 100 knots were
generally rated satisfactory for normal operation, but with
slightly unpleasant characteristics. This simulation pro-
gram is reported in NAA Report NA60H-672(50), NATC Patuxent
Report No. 1-Final Report (51), and KAC Report G.-113-7
Appendix C(12). As a result of the hovering evaluation, it
was recommended that a stability augmentation system be
installed.

Upon completion of the aircraft it underwent func-
tional tie-down testing, as shown in Figure 6. All the
pilots who participated remarked on the smoothness of oper-
ation. Several times the landing gear shock struts were
fully extended, the tires doughnut-shaped, and the spring-
lines taut. But, tethered flight was prohibited prior to
full-scale tunnel testing.

Following these tests, the K-16B was shipped to
NASA, Ames Research Center (ARC), for full-scale tunnel
testing.

Before installation in the tunnel all systems were

checked out on a static thrust stand where hover data in
the areas of rotor thrust and control effectiveness were
also taken. The wind tunnel operation was concerned with
rotor thrnlKt ,nntvr,] off rtivinn'_c wing Ctal1 4.n tra
tion, and blade flapping and damping in forward flight.
The installations of the aircraft both on the thrust stand
and in the tunnel are shown in Figures 7 and 8.

The analysis of the data indicates that the
methods developed for the analytical treatment of propulsive
rotor performance are valid - that the deficiency in per-
formance disclosed by the data can be directly attributed to
non-optimum test hardware. Wing stall buffet in transition
may limit the effectiveness of the K-16B flight research
program. No problems arose with blade flapping and damping
in forward flight - test results agreed very well with ana-
lytical predictions that showed the rotor to be well damped
with very little flapping.

At low flight speeds the rotor operates the same
as a helicopter rotor with offset hinge. At cruising speed
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Figure 6

Tie-down Operation
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Figure 7

Thrust Stand
Instal lat ion

Figure 8

Full-Scale
Wind Tunnel
Installation
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the cyclic flap control is phased out and blade motion is
defined solely by the airplane attitude and motion. A

theory was derived describing the force and motion charac-
teristics of a flapping rotor operating in high-speed con-
ditions, and model tests carried out to verify its qualita-

tive accuracy.

The rotor derivatives with respect to the pertur-
bation velocities are obtained from methods similar to
those used in helicopter analyses. But, a further compli-
cation is introduced because the forces and moments gener-

ated by the rotor-wLng combination are with respect to the
wing axes system; thus, a resolution is necessary to relate
the forces and moments into the stability axes system.

The rotor derivatives are complex due to the im-
plicit relationships that exist between the rotor variables.

This system is necessarily further complicated by the incor-
poration of a factor to account for a variable inflow, and
by the increase in rotor natural frequency caused by the
offset hinge. All this requires that existing theory be

modified to include a cyclic variation of inflow and lift

coefficient which occurs for a rotor operating at other than
its natural frequency. A d6scription of these rotor deriva-
tives will be found in KAC Reoort G-113-7(12).

A negative damping contribution is indicated by
this method, whereas a positive damping is calculated using

the simplified helicopter methods. The principle differ-
ence is the negative damping contributed by the rotor

H-force at a speed condition. However, a flapping hinge

offset will always result in a relatively smaller negative

contribution for the offset always contributes a positive
damping term (NACA TN3492)(52). This damping term is a
result of the hub morment due to pitching velocity. At

cruising speeds, the positive damping due to the hub moment
is balanced by the negative damping due to the rotor H-force.

At high flight-speeds the forces and moments pro-

duced by a rotor are essentially a function of blade geome-

try, mass distribution, motion, and the position and motion
of the rotor shaft. Once these parameters are known, the

forces and moments produced by the rotor become a straight-
forward integration operation. All the terms except the

blade motion are readily available; hence, the basic theo-

retical problem is the prediction of the blade motion.

Because of these cons±derations the K-16B 1'8-scale
model rotor and instrumentation was borrowed from DTMB to

conduct company-funded tunnel tests. In the end, however,
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that was tnertially and acrody.-aincelly similar to . full-
scale rotor.

Tu~tconditioun-swLTu sctin excss, of K'6 con
ditions, and were the equivalent k-1 a full-scale 2.2g sym-
metrical pullout at '390 knots. The full-scale pitch rate
would be 4.3 degrees/second.

'rha theoi'y predictcd that for these conditions the
longitudinal and lateral llapping should be zero. The
longitudinal flapping due to a steady angle-of-attack of 7.4
degrees siould be 3.43 degrees, and the lateral flapping
5.54 degrees. However, tho' gyroscopic moments acting on the
blade duo to thc pitchinj; rate produce strong negative flap-
ping and numerically cancel the flapping due to angle-of-
attack.

Review of thks preliminary test data indicates
agreement with theoretical predictions - longitudinal and
lateral flapping were zero.

DYNAMICS

Dynamic structural design was approached by cop-
ventional mechanical stability and flutter analyses, sub-
stantiated by vibration testing to confirm calculated fre-
quencies and mode shapes. While precise correlation between
calculated and test frequencies was not obtained, analysis
proved in every case to be conservative.

A vibration survey was performed on the rotor/wing
combination available from the aerodynamic research test
stand. In addition, an analysis was made of the mechanical
instability characteristics of the airplane configuration
both in flight and on the ground (KAC Report G-113-10)(15).
It was determined that the ranges of mechanical instability
associated with the wing modes were the most critical. To
insure freedom from instability in these modes for both
ground and flight operation, it was necessary to install a

centering spring in the lag freedom of the blades so that
the static in-plane natural frequency of the blades was
50 r/s. With this blade frequency the remaining modes were

not critical.

The flutter analysis followed conventional prac-
tice, and indicated that no flutter problem exists in the
airplane (KAC Report G-113-6(ll).
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Upon compict ion of the airframe a mechanical in-
stabiity ad fiu t ur-ey was run. This test setup is

shown in Figure 9. Structures of equivalent mass and
inertia replaced the engines, transmission, and rotors.
Excitation was ;i fected by rotating eccentric weights in
the plane ofi thc ,tr excitation force levels were adjusted
by changing thc ecui;;ntric masses. A sweep of the frequency
range from approximately i80 rpm to 1000 rpmi was made, both
wing down an~d wing up, at discrete percentrages of airborne
weight, It was found that rotor and structural damping were .
more than adequate to preclude divergent oscillations in
those regions of resonance that appear in the operating
ranrge. These tesits are roported in KAC Reports G-113-27 and

-3(: 12, 35),I In KAC Report G-113-28(33) is presented an analySiS
to determine the torsional :iat- .iral frequency of the drive
system. Trhe purpose of the analysis was to insure there were
no natural frequencies near rotor (3 per rotor rev) or drive
bystem (2 per engine rev) excitations to cause high torsional
stressei in the drive systein1. The 3-per-rotor-rev excitation
1-s due to the three-bladed rotor; the 2-per-engine-rev to the
drive shaft universal joints. It was found that 'the natural
frequencies obtained arv out of the range of the 3-per-rev
excitation, but not of thIe 2-per-rev when the original alu-
minumn drive shafting is used. Replacing the aluminum shaft
with a dimensionally similar steel shaft brings the natural
free ueiiy out of the critical rangt-.

The propeller-nacelle-wing combination was also
investigated for- whirl fietter for various ratios of forward
velocity over t-p -speed IKAC Report G-113-41)(40). The
analysis was divided into three stages of Increasing corn-
plexity: (1) inertial system with rigid hub (without blade
flapping or aerodynamic loads); (2) inertial system with

the aerodynamic forces to the inertial sys temn of (2) Thi
approach has the advantage ot allowing a closer check of the
equations of m~otion, and permitting the observation of the
effects of the addition of more complex termsi!7 in the 1-ystem.
Further, the effect of the blade fLlapping degree of freeo'om
on the gyroscopic coupling in the inertial system may also
be, noted. Results of the analysis indicated the absence of

t oiaenomenon over the range of ratios that had to be Con-
sidered.
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Figure 9

Vibr~ation and Flutter Test
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fSTRHESS ANALYSIS

Static Structure

Stiructurai problems encountered during design were
few in numbur in view of the conventional design approach;
pivotally mounting the wing to the fuselage was the main
exception. Again, conventional structural elements were
used, so few problems from a stress analysis point of view
were encountered.

The analytical treatment of structure followed the
normal pattern of development of flight, ground, and water
loads (KAC Reports G-113-14, -15, -16)(19/21), and fuselage/
wing attachment loads (KAC Report G-113-22(27). Various
stress analyses of such as the wing, nacelle, fuselage, tail,
alighting gear, transmission mount (LAC Reports G-113-19(24);
-23(28); -25(30); .-26(31); -18(23); and -17(22), respective-
ly) were also published. The wing was proof-load tested in
two conditions adjudged critical; these tests are reported
in KAC Reports G-113-11 and -12(16/17). In the event of a
deficiency in the JRF-5, the extent of the modification or
the limits of operating restrictions were to be reported to
the Bureau for decision whether the modification would be
made or the operating restriction accepted.

atn The aircraft was designed structurally to Specifi-
cations MIL-A-8629 Class VU, and MIL-S-8698, with additional
requirements written into an addendum to attempt to fill the
gaps in these helicopter and fixed-wing specifications.

The wing was proof-load tested in two conditions
determined to be most critical - wing bending in 3-point
landing, and wing torsion in symmetrical landing approach.
LoAads UIpre applied~, throughn4 A ' .Q i-t4 Mid

hydraulic cylinders. The test setup can be seen in Figure 10.
In both tests proof-load was reached with no apparent struc-
tural inadequacies. As load was being removed after the
last test, a malfunction of a test actuator resulted in an
inadvertent over-load and local yielding of the wing. For
the forthcoming full-scale tunnel operation, structural
integrity was restored by a temporary repair; a suitable
permanent repair, adequate for safe flight, has been designed
(KAC Report G-113-12)(17).

Tbe fuselage stress analysis showed tve structure
to be adequate for the design loads except for two landing
conditions - a drift landing and a one-wheel landing. Both
conditions result in negative margins on the main landing
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Figure 10

Wing Proof-load Tests
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gear backup structure. A modification that will eliminate
the negative margins is presented in KAC Report G-l13-25
Appendix 1 (30).

The alighting gear stress analysis disclosed that

the JRT-5 is compatible with the K-16B criteria except for a

negative margin in the upper drag link as a result of a
drift landing condition. A method of eliminating this nega-
tive margin is presented in KAC Report G-113-18 Appendix A
(23).

The empennage analysis (KAC Report G-113-26)(31)
indicated that the elevator, rudder, and rudder tab were
more than adequate for the design loads. Because of the
need to increase the vertical fin area by adding a tip cap
to improve directional stability, stiffeners had to be added
to the existing spar to increase bending strength. It was
also necessary to add doublers to the horizontal stabilizer
spar-cap to accommodate the higher required flutter speed of
the K-16B.

The stress analyses of both the nacelle and the
transmission mount show these structures to be adequate for
the critical air, ground, and water load conditions (KAC
Reports G-113-23, and -17 (28,22) respectively.

Dynamic Systems

The dynamic systems are defined as the airframe
control system to the rotor azimuth and to the surface con-
trols; the rotor including blade flap controls from and in-
cluding the azimuth; and the drive system. Stress Enalyses
of these systems were supported by controls proof-load test,
blade-flap control system fatigue test, blade-flap retention

Lal. KU'- L 11fU P'JWt!i -&tkU-U1V V M~Lt:II tJLhUULLAiCC:, LO= L.

The aircraft flight control system consists of
conventional components such as pushrods, cranks, quadrants,
and cables. Because some of the portions were superimposed
on existing JRF-5 systems, the JRF-5 design limit loads were
used. The stress analysis indicates that all components are
structurally acceptable (KAC Report G-I13-9)(14).

Upon complation of the controls installation, a
system proof-load test was performed. All control systems -

airplane mode, helicopter mode, and engine controls - to the
azimuth and to the control surfaces were tested. Appropriate
loading beams were installed at the cockpit controls, and
surface locks installed as required. Loads were applied by
load trays or calibrated hydraulic cylinders. All tests were
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made with no apparent y ieldtng of the systems or system sup-
port structure. Controls excursions were performed witb no
interference in the systems (KAC Report G-1!3-13)(18).

Ait huugh the stress .l o.... f t proulsve
rotor (KAC Report G-113-24)(29) disclosed no negative mar-
gins, two failures in the flap retention during endurance
stand operation caused authorization of fatigue testing of
the retention system, This was expanded to include fatiguetesting of the blade-flap control system.

The relention fatigue test (KAC Report G-113-35)
(39) led to significant improvement in the life of both the
flap and its retention. The configuration c,:':ed in the
last test was duplicated for use in the tunnel program at
ARC, where it was used with complete confidence. This

.. fatigue test operation is shown in Figure 11.

The level of operation for the controls fatigue

test (KAC Report G-113-33)(37) was establicadd at the esti-
mated maximum continuous load level. Although the system
demonstrated adequate life at this level, du'ing actual oper-
ation at continuous higher cyclic input levels, operating
lives of bearings were unacceptably short. The fatigue setup
is shown in Figure 12,

The tv.o rotors are driven through reduction gear--
boxes by YT58-GE6 engines in wing-mounted nacelles. Power
take-offs from the main reduction gearboxes are inter-
connected through the wing to permit either engine to drive

"* both rotors in the event of a single engine failure.

The structural integrity of all details of the
drive system was substantiated using approved methods of
stress analysis (KAC Report G-113-21)(26). Though some areas
showed higher levels of pitting and bending stresses than
could be accepted for unlimited life, they are within the
working limits o the experimental nature of the program

A power-and-drive endurance bench stand, shown in
Figure 13, was used to qualify the rotor and drive system
(KAC Report G-113-34)(38). Because of the similarity of the
left-hand and right-hand drive systems, the endurance stand
duplicated only the left-hand installation of engine, drive
system, and rotor, In addition, the cross-shaft installation
to and including the accessory-drive gearbox at the aircraft
centerline was included. This program was delayed by: (1) a
drive shaft failure, and (2) two failures in the blade-flap
retention.
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Figure 11

Blade-flap
Fatigue Test

Figure 12

Blade Flap Control

Fatigue Test
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Figure 13IPower and Drive
Endurance Bench Stand
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During this discussion of analyses and tests a

number of problems were mentioned. These problems and their
actual or probable solutions are touched on in the "Test
Article Development" section.
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TEqT APTICI F

__ _DEVELOPMENT

Preceding sections presented a review of the var-
ious analyses and tests that evaluated the V/STOL capabil-
ities of the K-16B. A number of difficulties were men-
tioned. This section will touch problems actually solved,
and remaining problems with their probable solutions. It
is divided into major subsystems of propulsive-rotor, air-
frame, and power-and-drive.

PROPULSIVE ROTOR

It is possible to accurately predict propulsive-
rotor performance - final analysis and data show good corre-
lation. The rotor that was tested developed thrust somewhat
short of the original prediction. This was not entirely un-
expected. The program did not permit incorporating product
improvements upon the availability of additional criteria
resulting from previous testing and refinements in analyti-
cal techniques. The program was designed as a research
effort, and in such a role thL rotor configuration that was
tested has proved to be a useful tool.

flover Characteristics

In the design of helicopter rotors the assumption
of uniform inflow is commonly used to determine cyclic effec-
tiveness. This approach had been applied to the propulsi,,e-
rotor. Data from the Phase i1 research test stand indicated
that a more rigorous variable inflow theory must be applied.
Comparison of test req,., ts with rcIv!4 iornQ ase -n the
latter theory disclosed excellent 3greement.

Control in hover (and transition) is obtained by
blade-flap cyclic deflection, in the proper phase, to rotate
the tip-path plane and consequently the direction of thrust.

This tip-path rotation plus the blade centrifugal forces
acting on offset flapping hinges, produces moments to attain
precision helicopter-type control.

Cyclic sensitivity, which is the amount el flap-
ping for a particular cyclic flap deflection, is a function
of the flapping hinge offset, pitch-flapping coupling, the
first mass moment, and the thrust coefficient. A particular

control moment can be generated by proper choice of these
characteristics.
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When the cyclic sensitivity analysis is compared
with the static thrust stand test points, agreement is good.
w',, the sensitivity 16 ubvd to deturminb total control mo-
ment, agreement again is good. Because directional control
is a function of cyclic sensitivity, it too will be as pre-
dicted. Our analysis carried the measured components of the
control moment to a point that separates the aerodynamic
results from the mechanical system. Such a common base for
comparison is the wing axis system before control compensa-
tion is introduced. When this is done, the directional
control in the wing axis system is found to be Just as pre-
dicted by the final methods of analysis. The results of the
tests at NASA, Ames Research Certer (ARC), we'e affected by
an off-optimum control compensation in the mechanical system
(NASA TN D-2538) (53), designed to earlier estimates of con-
trol characteristics.

Pitching moment test data (Ibid), when shown as a
function of longitudinal flapping, is in gccd agreement
with analysis. If plotted as a function cf longitudinal
stick position, agreement again is good. However, it was
less than the predicted moment (KAC Report G-113-4)(12).
The available control was limited to 0.6 of the design
value because of an ivterference in a sweshplate. In ad-
dition, full hovering thrust was not produced during the
tests, and cyclic sensitivity is a function of thrust
coefficient.

Transition Performance

In transition, aircraft operation is determined in
part by the thrust of the rotor, and of control moments and
forces by the rotor about and along the three axes.

One purpose of the blade-flap is to improve the
static thrust capability without penalizing the high-speed
forward flight efficiency which a highly cambered or wider
blade would do - its purpose is not to improve the rotor-
blade efficiency throughout the speed range by continued
flap deflection. The concept allows the designer to select
a blade profile and activity factor compatible with the
high-speed propeller requir.9ments, but by coilective flap
deflection attain the higher lift coefficients required for
hover performance. For the high-speed configuration the
flaps are fully retracted, returning the blade to the thin
profile needed for efficient propeller performance. The
collective flap is reduced as the thrust decreases, and when
halfway through the transition the flaps are fully retract-
ed. The transition tests in the wind tunnel (NASA TN D-2538)
(53) were run with a constant 13 degrees of blade-flap col-
lective deflection, so poorer propeller efficiencies would
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be expected at the hiiher pnce-ds tested. The appropriate
configuration for the ARC test point at 150 knots is collec-
tive flap fully retracted and blade pitch at 34 degrees. The
run at this velocity was made in the transition configuration
and merely established ar anchor point for the cirvi- nf
propulsive-rotor perfor.nance in transition.

The comments concerning control in the hovering
mode also apply in transition. The cyclic sensitivity does
drop off however, principally because of the reduction in
thrust coefficient with speed. At the same time the phas-
ing gradually shifts as a function of the advance ratio in
the transition - decreasing as the advance ratio increases,
then increasing as the advance ratio decreases again. Dur-
ing this time the tail is becoming effective.

Although the cyclic sensitivity was greater than
anticipated, because of wing stall the untrimined pitching
moment was so large it severely curtailed the control avail-
able for maneuvers.

Performance ImpRiovement

To improve the performance of the rotor, a number
of configuration changes (blade flap extent, solidity, tip
speed, twist, airfoil section) have been considered. Two
possible configurations were reviewed. The first is essen-
tially the same as the present rotor in over-all dimensions.
The second has an increased diameter, chord, and flap span.
Both take advantage of an increase in rotational speed, and
a clean-up of blade tip design. (The present blade-flap
control linkage results in higher aerodynamic drag at the
tip. It is not possible to precisely calculate the power
loss due to this added drag, but it is estimated at 3 to 4
percent.) Table I describes the basic (existing) configu-
ration and the two revised configurations.

Table I

Rotor Particulars

Basic Blade A Blade B

Diameter i5'2" 15'2" 15'110:
Blade Chord 18" 18" 20"
Flap Extent, r/R .54 to .98 .54 to .98 .35 to .98
Tip Speed, max 575 fps 635 fps 664 fps
Airfoil of Outboard

50% of Blade 163509 16509 16509
(modified) (modifiel)

Airfoil Design Camber .35 .5 .5
Tip Region Dirty Clean Clean

35



The hover pekfor ia~ce map four the basic blade is
shown in Figure 14; for Blade A in Figure 15; and for Blsade
B in Figure 16. These maps were used to determine the hover

capabilities of the new configurations, shown in Figure 17.
The effect on higli-Eped purfurmance is shown in Figure i8.

It will be noted that by virtue of the blade flap,
static thrust has been optimized without penalty in cruising
propulsive efficiency. It can be concluded that the degree
of rotor modification represented by Blade A, when powered
by a T58-GE8, will provide sufficient margin of static
thrust to assure adequate vertical flight performance of the
K-16B at any feasible gross weight.

The concept of integrated design lift coefficient
for estimating propeller performance is based on the assump-
tion that the propeller operates at the design angle of attack,

oC i, at each station along the t~ade. For the normal pro-

peller, designed for maximum efficiency in cruise, the concept
is valid because the radial variation in ideal angle of
attack can be made coincident with the twist distribution
for cruise operation. In this case static thrust is of
secondary importanc. For VTOL aircraft, static thrust is
of primary importance.

Efficient high static thrust requires that the
camber be high and the twist in the order of -12 degrees and
linear. A blade designed with these characteristics will
have poor efficiency at the low thrust coefficients required
for cruise. TW' pronulaive-rotor, because its bltdes are of
variable camber, reconciles the two requtrenents.

Firur 19 rompnres- the etcttc,_ f gz-m-erit for

two corditions of the improved Blade A In the one condi-

tion. Oro - 0 d',rees, or the equivalent of an invariant

propeller. in the other condition, 0 - 5 degrees. In

:h" lr't condition, note that with basic camber alone the
cannot generate the required thrust at tfe design
of 10,000 pounds. However, in-reasing the camber by
e-s of flap deflection, 'he 13,00C pounds of thrust
produced at a reasonable figure-of-merit. By re-

t - .ig the flap a propeller cruise e:ficiency of 0.85 is
attained.

A conventional propeller designed for this same
cruise efficiency (0.85) would be equivalent to propulsive
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rotor "A" with flap retracted, in terms of geometry, twist,
and camber. Hence it would have the same low figure-of-I merit in hover, and therefore would be unacceptable. Werethc vppller designed for a higher cruise efficiency, there

~would be a further degradation in hover performance. To

meet the required hovering performance, the blade chord,
number of blades, or amount of camber would have to be in-

creased, resulting in poorer propulsive efficiency in
cruise. To develop 10,000 pounds of thrust with the pres-
ent test rotor requires a collective flap deflection of 13

degrees for a CT/cr- of 0.185, resulting in a figure-of-

merit of 0.62. By increasing the tip speed of Blade A from

595 to 635 fps the CT/O' required for 10,000 pounds of

thrust is reduced to 0.152, which requires only 5 degrees of
collective flap for a figure-of-merit of 0.72. Indeed,

11,000 pounds of thrust can be developed at a CT/0- of

0.166 with 6 degrees of flap and a figure-of-merit of 0,71.

This configuration change demonstrates the per-
formance that is possible with the K-161 rotor. Although
the analysis concentrated on improvement of hovei perform-
ance, the concept is not that narrowly defined. It lends
itself to performance flexibility in systems trade-off
studies. Consider the following plot. This Js F hover per-

Cruising Efficiency,
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formance map crossplotted to cruise efficiency. It is based
on estimates of performance of one airplnne, and varies I
propeller blade camber. Tbe propulsive-ictor blade-flaps
are appropriately stowed in cruise, of course

Note the curve for an invariant-camber propeller,
- 00. When designed for hover, its figure-of-merit is

An excess of 0.7 but its cruise efficiency is low. Now con-
sider the other extreme of the curve. Cruise efficiency is
high but hove e.rficoncy is very low. The curve for collec-

tive flap of ludegrees (a -100) is indicative of the per-

formance improvement with variable camber blades. Note
that at the same maximum cruise efficiency of the fixed-
camber blade there is just a modest decrease in hover fig-are-
of-merit. It can also be seen that a range of trade-offs
can be made between horer efficiency and cruise efficiency.
And, when a reduced efficiency, either hover or cruise, is
acceptable, it is not improbable that there may be a cross-
over point. Then there may be no performance advantage of
tho propulsive-rotor, but the hover control advantage will
continue to exist.

The flexibility of the concept makes it possible
to configure a propulsion unit to be the best compromise
for a system missiou profile, whether it be long range and
short hover time, shor. range with long hover time, or any
mission in between. Unlike the relative trade-oif inflex-
ibility of an invariant-camber propeller, the propulsive-
rotor allows a systemns analysis to balance cruise efficiency

against hover efficiency.

omy,,nent fardrare

The rotor hub had been designed as a fully artic-
ulated system. Analyees performed in an Air Force study
(Egerton and Giansante - 54) indicated a substantial poten-
tial weight savings of a semi-rigid rotor as compared to a
fully articulated rotor. Several test runs with le d-lag
freedom locked out were made on the Phase II test stand. A
marked improvement in the smoothness of operation was noted.

Though the stress levels recorded during this run-
ning were within the limits of test stand operation, the
stress levels that would be encountered in maneLvering
flight would call for a complete redesign of the hub. In-
stead, a unique lead-lag restraint was designed. It provides
the in-plane freedom of blade motion to relieve blade and
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hub stretses of the original design, yet the natural fre-
quency of the complete system Is so tuned that mechanicai
instability is avcded. Obviously, the weight saving of a
complete redesign could not be obtained; however, with the
primary objective that of obtaining research data, the
weight penalty could be tolerated.

Blade-flap retention is provided by a tension-
torsicn cable mechanically secured at the root of the blade
and attached to the flap spar. In thj original design the
cable was attacheti to the spar by a threaded connection to a
fitting bonded to the spar. A connection of this type was
more amenable to fabric. ;ion, assembly, and handling.

During power-and-drive bench stand operations, a
failure occurred in a thread relief of the fitting bonded to
the flap. Metallurgical inspection revealed a fatigue fail-
ure resulting from flap bending loads. The cable end fitting
was changed to a ball-ane-socket arrangement that becomes
permanently bondLd into the flap through a phenolic block.

th odA second retention failure occurred, this time in
the bond between the phenolic block and the spar structure.
Inspection disclosed an incomplete bond between the phenolic
block and the plywood leading edge. The designed area of the
bond w~s more than sufficient to support the loads - this was
substantiated by pull-tests of the two remaining flaps. How-
ever, to reduce thie sensitivity to quality variations - a
factor in this failure - the joint layup was redesigned.
Subsequent flaps have given no evidence of difficulty.

Further significant improvement in flap xeliabil-
Ity developed as a result of parallel fatigue testing (KAC
Report G-113-35)(40). In all, seven fatigue tests of the
flap and retention were pcrformed, permitting establishment
oi reasonauie S-T curves fcr wind tunnti lld ilh UpeJv-
tion.

Although the flap configuration used during the ARC
tests had adequate fatigue life, it is suspected that struc-
tural. deformation of the flaps, which were rather flexible,
may have affected rotor performance.

By applying the conatruction techniques used in the
abiminum-spar, honeycomb-stiffened UH-2 helicopter servo-flap
to the K-16B flap a decided improvement in flap stiffness can
be attained. The only essential difference from the Ui-2
flap structure would be a fiberglass skin, necessary to allow
for tie relatively sharp twist of the K-16B flap. Dynamic
arzlysis of this flap also indicates that fatigue strength
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will be far greater than that of the present flap.

The economics of the program dictated austerity in
all areas. System trade-off studies resulted in the present
blade-flap control linkage, which is a push-pull system con-
sisting of links, a long spanwis4. rod, and an offset crank
driving a flap horn by an external chordwise rod. The trade-
off studies reviewed the impact of dual hydraulic actuators
versus single hydraulic actuators to operate the rotor swash-
plate. If a suitable mechanical system is available in the

event of a hydraulic failure, then the expense of a dual sys-
tem can be avoided. In this case, a hydraulic failure will
place the rotor control loads on the pilot's stick; these
must be within the pilot's capabilities. The control system
geometry that was selected permitted including a mass bal-
ance that introduces a cyclic centrifugal force in opposition
to the aerodynamic force produced by cyclic flap deflection,
resulting in emergency loads within the p4.lot's capability.
This allowed the use of a single actuator.

Operation disclosed high pressure-velocity (P-V)
loads on many of the bearings, and serious lubrication prob-
lems at the blade tip because of the high centrifugal forces
on the components. These problems are particularly manifest
at sustained higher levels of cyclic input, such as would be
expected during wind tunnel operation.

Belleville springs were used in the tuned lead-lag
system of the rotor. As a result of several fatigue fail-
ures, a spring develorment program was pursued. The end re-
quirements compelled a change of material, control of the
grain orientation of the metal, and improved fabrication of
the springs. Modified springs were in tht airplane during
testing at ARC. No evidence of malfunctioning appeared.

Component Improvement

The K16 rotor concept has been damned by faint
praise because of these problems. Theoretically, the con-
cept is considered a unique and promising solution to the
control and static thrust problems of propeller-driven
V/STOL aircraft. Practically, it has been denigrated be-
cause of the difficulties we experienced With rosearch hard-
ware. This judgement doe6 not consider the state-of-the-art
advances in bearing and structure technologies in the ten
years since the propulsive-rotor was first designed.

As a result of the emphasis the Military has
placed on the contribution of relubrication of rotor and
control system oscillating bearings to the maintenance bur-
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den, and of the demands of the space sciences, major advances
have been made in the development of self-lubricating bear-
ings and of elastic hinges; specifically, the KACarb bearing
and the elastomeric bearing.

[ACarb bearings have a dry, solid, permanently-
lubricated bearing surface that is d,'signed for high-load,

high-velocity oscillating or rotating conditions. They have
a consistent and low coefficient of friction, and P-V cajac-
ities that are a minimum of four times greater than the best
quality aircraft bearings heretofore available. They are
also unique in that they can operate for short periods at
excessive P-V loadings with no damage to the bearing. In one
application, they operated for a limited time at a P-V load-
ing in excess of 900,000 - more than ten times the design
limit - with no damage to the bearing.

The elastomeric bearing is constructed of alter-
nate layers of metal and elastomer. The applied load is es-
sentially normal to the lamination orientation; the function-
al displacement is parallel to the laminations. Lamina
thickness is small for the elastomer to operate in the visco-
elastic range, and at the same time, support appreciable com-
prersive stress without extrusion at the edge boundary.

Both types of bearings were selected by Kaman for
the blade articulation of a rotor re-entry vehicle wind tun-

nel model for ARC (Contract NAS 2 .- 2107). The model, shown
in the figure, is a four-foot diameter, semi-articulated
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rotor complete with both cyclic and collective pitch. The
elastomeric pitch bearings are but 1-3/8 inch in diameter.
The flapping bearings are KACaib bevrings.

The application involves operating frequencies in
excess of 100 cps - well beyond the state of the art for nor-
mal oscillating bearings - ol)erating rpm ol 6300, and a de-
sign load in excess of 10,000 pounds. Recent operation was
at M - 3.5 in gliding flight with cyclic and collective in-

put. After 70 hours, the bearings were inspected - and re-
installed in the model.

In the original propulsive-rotor, the flap control
system hai the most critically loaded bearings operating at a
frequency of about 12 cps, oper9ting rpm ol 725. and a design
load of 1200 pounds. A damaging factor was the loss of lubri-
cant because of the CF environment. (KACarb and elzstomeric
bearings require no lubrication.)

Configuration studies have evolved a ncv system ge-
ometry of considerable promise. This is made po. Jible by
separating into *hree systems the functions of supporting the
end shear load on the flap, the centrifugal retention load of
the flap, and the hinge moment required to drive the flap.
The entire control system is removed from the high CF envi-
ronment at the blade tip and is operated inboard where the
loads are considerably lower. Component fatigue liv.s are
greatly improved, and the new system will be stiffer than the
original system by an order of magnitude. (Control system
flexibility was a problem during testing.) Insufficient con-
trol bearing failure rate data are available to run a quanti-

tative reliability analysis, but a qualitative analysis of
the new system with KACarb bearings shows a reliability im-
provement appr( aching two orders of magnitude. Removal ol
the control cranks, external actuating rod, and ilap horn ai
the tip results in an aerodynamically efficient airfoil in
the high-velocity tip area.

Hub configuration studies have led to an integrated
rotor-and-hub assembly. The physical characteristics of a
propulsive-rotor blade are such that in-plane bending loads
can be easily accommodated by the blade, permitting elimina-
tion of lead-lag bearings. A swashplate for flap control,
and an actuator for blade pitch control, are integral with
the hub assembiy. Full advantage is taken of the charac--
teristics of KACarb and elastomeric bearings. The case would
bolt to solid structure, and because bending loads are not
taken in a propeIlcr shaft, a light quill shaft can drive the
rotor. By integrating the blades, hub, and flap controls in-
to a total system, the propulsive-rotor is removed from the
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specialty design field characteristic of helicopter rotor

I I!
systems. It can be applied us a tb.!-sy~stem to any propel-
ler-driven V/STOL airplane.

A IRFRAME

-WDring the later stages of the research test stand

the Model K-16B aircraft was authorized for the purpose of

assisting the Bureau in the establishment of both flying

qualities and structural specifications for the coming gener-

ations of V/STOL aircraft.

Performance

One phase of the program required a wind tunnel
stability investigation using a powered 1/8-scale model.
Aerodynamic predictions of suitable stability were generally

substantiated except for directionai instability with the

wing down, wing flaps retracted, and rotors on. It was de-
tormined that:

* the basic very high wing configuration
contributed large side-waEh character-
isties that kept the vertical tail
angle of attack low in the low yaw
range.

e the rotors contributed a large desta-
bilizing yawing moment variation;

o the dynamic pressure at the tail was
not appreciably reduced.

Strain-gage balance data of the propeller side
force ind tJ-n-tpd that the model oroneller contriblted about

twice the destabilizing yawing moment coefiicient that the

full-scale rotor was estimated to do. The model coi.figura-

tion was made stable using either a combination of end-

plates and 20-degrees of dihedral of the horizontal tail, or
by additional aroa to the upper portion of the vertical tail.
Of the two, the latter was chosen.

When the aircraft configuration was initially es-

tablished, a trade-oft was indicated between simplicity of

wing structure and wing stall in transition. It was reasoned

that though there would be transition stall, because of the

low "q's" the stall would be of relatively little signifi-

cance. So, design effort was concentrated on deriving the

simplest and lightest wing structure for a rather awkward
structural situation typical of tilt-wing types.
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There was no surprise at the indication of transi-
tion stall in the model tests, but results from NASA re--
search and the V-76 program seemed to indicate that the stall
was a more serious problem than we had pruviuutly believeud.
As a consequence, additional 1/8-scale model testing was pro-
grammed. A number of the changes investigated inc1 .udod a
drooped leading edge, leading edge slats. and an increase in
flap chord. All the changes resulted in improvements in the
model's characteristics; the best improvement was with the
leading edge slats. However, the improvement with the drooped
leading edge was also significant. Because the latter was
the simplest change and could be made as a removable glove,
it was chosen as the modilication to be tried during the
full-scale wind tunnel tests.

Full-scale tunnel testing showed that. at conditions
in which the K-16B was balanced, the wing was stalled. With
the plain leading edge, stall was indicated between 25 and 70
knots. Contrary to expectations, the improvements antici-
pated with the modified leading edge did not materialize.
However, even with the wing stalled, in the slipstream the
wing tilt-angle required to balance the aircraft in a level
flight transition is satisfactorily predicted.

A brief wind tunnel investigation was made at ARC

with the drooped leading edge over the wing outboard of the
center section, and a leading edge slat over the center sec-
tion. This slat, just long enough to cover the center sec-
tion, was one that ARC had used in another program. The slat
helped the center section, but then stall would occur be-
tween the Vlat and the propeller slipstream and spread span-
wise. As a result, the drooped leading edge had little bene-
ficial effect. No investigation was made using stall fences
t 1 t. p r o p a- z -J

The horizontal tail was also stalled throughout
most of the transition, probably as a result of being in the
turbulent wake of the wing. The limited te-sts with the cen-
ter section slat produced a consideraule improvement in the
flow over the tail. But there is a rather large variation in
downwash angle over the speed range?, causing the taii to pro-
duce undesirab]e nose-up pitching moments during the latter
part of the transition. It appears that a variable incidence
tail is callei for to correct the moments.

An analysis in the following section (Full-Scale
Wind Tunnel Test) shows slipstream stall to be eliminated
and center section stall to be minimized by using leading edge
slats. The elimination of stall will improve the flow over
the tail, making it more effective in assisting control of
the airplane.
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The demands made of the propulsive-rotor for K-16B
hover capability are supplemented by deflection oi the slip-
stream with a minimum loss through an angle sufficient to
make the resultant force vertical.

Initial tests of wing lift effectiveness were made
on the Phase II bench stand. They indicated a turning angle
of 21.8 degrees. Later, 1/8-scale tests indicated a static
thrust turning effectiveness of 20 degrees. The drag data
from the ARC tests were so scattered that any angle from 4
degrees to 22 degrees could be obtained. It was possible,
though, by working backward from the thrust data and keeping
reasonable drag values, to estimate values of 16 degrees and
95 per cent for the turning angle and efficiency, respective-
ly. The analytical procedures, therefore, are believed use-
ful for preliminary prediction of turning angles and efti-
ciencies. This subject is treated in detail in the correla-
tion of the full-scale test data.

The effectiveness of the K-16B wing-flap combina-
tion can be further improved by increasing the flap chord.
Future designs will probably include larger flap span, nar-
rower nacelles, and possibly double-slotted flaps to further
improve slipstream turning angle.

Performance Improvement

The effect of stall on handling qualities is most
critical for the approach conditions because the approach
will be a low-speed trassition condition; the airplane will
be in the low-speed condition for appreciable lengths of
time; wing stalling makes the fly'ng qualities the worst in
this condition. In addition, the effect of stall on the
power required is of importance in relation to minimum
engibe-out speed or =inimum approach speed.

The tendency of flaps to reduce stall in transi-
tion is primarily a result of the flaps turning the propel-
ler slipstream through a substantial angle, thereby reducing
the angle of attack of the wing-propeller combination and
consequently the wing angle of attack. The increase by the
flap of the basic maximum lift coefficient of the wing is a
contributing factor.

The effect of the flap in deflecting the slip-
stream determines the wing attitude angle required to sustain
the aircraft in equilibrium flight at a particular speed con-
dition. By increasing the size of the flap there will be
an increase in flap lift effectiveness, thus requiring a
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lower wing till angle with the resultat lower wing angle of
attack. Further improvement will result from changing to a
down-at-center propeller rotation. Down-at-center rotation
delays inboard stall because of the reduced angle-of-attack,
and the strong tip vortex tends to keep the tip area from
stalling.

As a corrollary, the elimination of wing stall will
improve the flow over the tail, making it more effective in
the transition.

With flapped wings, it is new apparent to make con-

siderable use of leading-edge high-lift devices to k.void
early leading-edge separation, so that maximum potential of
the trailing-edge flaps can be realized.

Structure

The K-16B flight envelope approaches that of
operational aircraft. Extensive static and dynamic struc-
tures stress analyses supported by several tests were per-
formed. On the whole, little difficulty was encountered
because of the conservative approach to design, but a few
problems did arise.

The fuselage and landing gear stress analyses
showed the JRF-5 to be structurally adequate for the K-16B
criteria except for two minor areas. The modifications are
simple and are outlined in KAC Reports G-113-25 App. 1 (30)
and G-113-18 Rev. A (23).

The wing stress analysis was substantiated by
proof-load testing of two conditions adjudged most critical.
While relieving load following completion of the final test,
a mlfunctien of test equinment caused a momentary very high
localized load, resulting in some damage to the wing. A
temporary repair iOiLsibtirg Oa a doubler over ttc cxisting
lower skin and covering one rib bay was determine4a. to be

adequate for all projected ground and wind tunnel testing.
A permanent repair, adequate for flight, has been planned.

Structural dynamic analyses were substantiated by
a vibration survey of the complete airframe. Some of the
data shewed high lateral peaks at the hub on the upper side
of the operating range with anti-symmetric excitation. The
motion was noticeable on the left-hand nacelle. Local stif-
fening reduced the amplitude and raised the frequency of
this peak out of the operating range. The end result of the
testing found that rotor and structural damping were more
than adequate to prevent divergent oscillations in those
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regions of resonance that might appear in the operation
range (KAC Repor'. G-113-27)(32).

As a result v! the evaluatWoi of hor' ti..
qualities on the NAA analog simulator, the Bureau requested
that a stability augmentation system be investigated for the
K-16B. It was found that several systems of relatively
Little complexity had already been developed, including some
under contract to the Navy, and that two of the systems were
compatible with K-16B requirements. The system selected was
a three-axis rate damping system in which gain and authority
were 30 per cent, and both gain and authority under the con-
troi of the pilot in stepped inputs. The system was composed
of stabilization networks and gyros developed for the HTL-7
helicopter and of hydraulic dampers used in the FIOOC damper
system.

POWER-AND-DRIVE SYSTEM

The power-and-drive system has had two particular
problems - failure of the sprag-type over-running clutch in
the main transmission, and turbine rub in the YT58-GE6 power
turbine. Considerable effort has been expended on these
problems and, to date, a significant improvement has been
made in reducing the rate of failure. Solution of the one
problem will undoubtedly lead to solution of the other.

After failures of two of the original sprag
clutches, a change was made to a higher capacity unit. Fol-
lowing a failure of this uniL, a detailed analysis of the
drive system was completed. This analysis, substantiated by
test, indicated that a resonance occurred close to two-per-.

vof the engine drive shaft

The effective misalignment of the engine drive
shaft is 1.86 degrees. Bench tests of the clutch revealed
that sprag engagement caused elliptical deflections of the
outer race that were proportional to the applied shaft
torque. This caused the clutch to act as a torsional spring
of much lower rate than a structural analysis based on radial
loading would indicate.

An eleven-degree-of-freedom torsional analysis in-
dicated a natural frequency of 11,755 cpm in the fifth mode.
This is almost exactly two-per-rev. An earlier but simpler
analysis had not detected this frequency.

To corroborate analysis, and to determine the ef-
fect of the torsional damping inherent in the system, a rig
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runup test was performed with strain-gages on thu drive-J haft. Results showed a torsional natural frequency at
11,400 cpm, and vibratory torque (two-per-rev) of +1200 ib-
in, or 20 per cent of normal steady torque in the Uriveshaft.
Cklculation of the shape of the fifth mode indicated that the
vibratory torsion in the transmission input shaft, from the
Hookes-coupling excitation in the engine driveshaft, would be
37 per cent of normal torque. During an attempt to obtain
further data, the excessively high two-per-rev torque result-
ed in failure of the sprag unit.

To reduce the resonant amplification, the torsional
natural frequencies were shifted by changing the driveshaft
from aluminum to a dimensionally identical steel shaft, re-
sulting in a 3:1 reduction in torsional vibratory loads.

The fact that the h±gh vibratory loadings experi-
enced in this case were caused by an effective misalignment
of only 1.86 degrees illustrates the potential seriousness of
Hookes-joint aynamic e: citation.

Concurrent with the sprag clutch problems was a
turbine-rub problem. Measurements of the vibration on the
YT58 main reduction gearbox indicated a strong two-per-rev of
this part. By adding a redundant mount to the gearbox, the
vibration level was reduced and life of the power turbine in-
creased slightly.

Further investigation into the source of this vibra-
tion indicated that additional reduction in the level could
be obtained through redesign of a special universal joint
adjacent to the gearbox. When incorporated into the airplane
while at ARC, another increment of improvement resulted. A
natural question would be - why not use a constant velocity
joint? Simply, system geometry and cnvelope prevented the
ubs of any available standard unit.

These drive system problems are probably due to two

factors - the necessary structural and drive syste. geometry

to accommodate the engine installation, and to unknown and

unanticipated dynamic problems in the engine itself, intro-
duced by the unorthodox installation.

The limited data taken on the power-and-drive sys-
tem vibratories indicate that the largest magnitude exists in
the engine-engine driveshaft-angle box area. A vibration
survey of the airf..ame-installed system will disclose the
source. If in the driveshaft system, a redesign to incorpo-
rate constant-velocity Zurn or Bossier joints will eliminate
the two-per-rev forcing function of the pres'nt joints. If
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in the engine, then it must be qualified for all-angle oper-
ation, assuming the present nacelle-mounted installation Is
to be kept. Elimina ting these vibratorics will eliminate the

Earl Intheenduanc stnd oeraiona failure

tigu falur attibued o hih vbraorybending moment&

clutch reloca~ted to provide better support for the shaft.

MISCELLANEOUS

Upon completion of the airplane it underwent func--
tional tie-down lesting. No particular schedule of operating
hours was progranamed; tie-down was to be merely a functional
checkout. During the testing, which accumulated slightly in
excess of 6 hours, all systems were operated both with and
without the power-and-drive system running. Operation In-
cluded traversing the wing through its tilt range with the
rotors operating at rated power and rpm; operating the wing-
flap system; controls - both airplune and helicopter; and the
various ancillary systems. The reviote instrumentation set-up
for the full-scale wind tunnel operation was also checked
out.

None of the blade-flap control problems that were
to arise at ARC and on the endurance stftnd were evident
during this operation. This could well-be because the pilots
were not holding high cyclic inputs for any appreciable

________ jlength of time. The major problem encountered was excessive
-------------------- ---------- rce resulting from a multiplicity of

small-diameter pulleys required to accommodate the 6xisting
fuselage structure. To correct, a boost system using exist-
ing in-house components has been designed.
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- and, WIND TUNNEL PROGRAM

Following functional tiedown testing, the K-16B was
shipped to NASA, Ames Research Center (ARC), for a brief
evaluation in the 40x80 foot wind tunnel. Operation of all
aircraft systems. while in the tunnel was by remote control;
similarly, data was taken remotely. It was a mandatory re-
quirement. of ARC that prior to wind tunnel tests all systems
- airframe, remote control, instrumentation - be demonstrated
on a static thrust stand. This operation was expanded to
take hover uata in the arcs of rotor thrust and control ef-
fectiveness - data that could not be taken in the tunnel be-
cause of recirculation. The wind tunnel operation was con-
cerned with rotor thrust, control effectiveness, and wing
stall in transition, and blade flapping and damping in for-
ward flight.

The results of the thrust investigation at both the

static stand and the wind tunnel denotc that the thrust de-
veloped by the presently configured rotor is approximately
10 percent less than that projected in the original design.
Control effectiveness is dependent to some extent on devel-
oped thrust, so there is a decrease in control moment com-
pared with that originally predicted. Wing stall charac-
teristics appeared more severe than those encountered during

• .1/8-scale model wind tunnel tests. No problems arose as a
result of the blade flapping and damping investigation - the
rotor was well damped and responded as predicted.

Working from the ARC data we have shown the valid-

ity of the analytical treatment of rotor performance; that
the performance dogradwion -a d to Off-on timm.. test

hardware. The off-optimum characteristics result from a
rotor designed before the availability of adequate criteria,
and not updating the hardware as additional criteria did
become available, because the program was a research effort,
not a product improvement program. By varying several para-
meters of the rotor system, sufficient thrust can be provid-
ed to assure vertical flight performance of the K-16B at any
feasible gross weight. This thrust improvement will also
provide an increment of improvement in control effectiveness.

The stalling tendencies can be improved on all sec-
tions of the wing by two modifications. One is to increase
the size and effectiveness of the wing flap. An increase in
flap lift effectiveness will require a lower wing tilt angle
to sustain the aircraft, and so a lower wing angle of attack.
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The second modilication is tho insialiation of leading edge
slats. Because slats sustain load they reduce wing loading,
hence angle of attack required. At the same time, a wcll-
designed slat will increase the stalling angle of attack.
An analysis has indicated that the stali in the area of the
wing swept by the slipsLieam can be eliminated, and that
center section stall can be greatly alleviated, both in
level flight and at reasonable rates of desce:At during
transition.

A generalized treatment of the problems has been
given in the preceding section. This section will present
an analysis and correlation of the test data. In Appendix
C are descriptions of the test equiptent and operation, and
in Table VI of the appendix are parameters of the various
test runs. In Appendix D is the derivation of analytical
methods for determining propulsive-rotor performance in
hover, transition, and forward flight.

HOVER

The usual propeller is designed to operate in the
cruising condition at the ideal angle of attack for each sec-
tion along the blade. This can he done because the radial
variatiou in ideal angle of attack can be made coincident
with the twist distribution for the design condition. But
this leads to a rather highly twisted blade (about 40 de-
grees) with a hyperbolic distribution. In this case, static
thrust is of secondary importance. However, for the VTOL
aircraft static thrust is of primary importance.

Either camber or blade area must be increased to
generate enough static thrust for vertical take-off. kur-
thermore, the twiSt should be lower with linear distribu-
tion. But a blade with these characteristics will have un-
acceptably poor efficiency at the low thrust coefficients
required for partial power cruise. Hence, there is a cruis-
ing efficiency penalty inherent in a high-activity-factor,
static-thrusting pripellci.

For example, to satisfy hovering requirements a
highly-cambered airfoil is necessary to obtain a high blade
loading. But the rapid drop in required thrust from hover to
forward flight forces the propeller to operate at low thrust
coefficients in cruise. To operate efficiently at these low
coefficients, a low uolidity and a lower camber is needed to
keep blade loading near the maximum lift/dtig ratio on the
blade section. It would appear profitable to vary camber to
provide a high camber in hover and a lower camber in cruise.
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We accomplish this camber variation by flaps in lho

blades. This allows the selcctlon of a blade profile that is

compatible with the high-speed propeller requirements, but by

collective flap deflection attain the higher lift coefficients

(because of the greuter virtual camber) required for hvvia-

performance, and with ample margin for necessary cyclic con-

trol without stall.

Performance (Propulsive-Rotor)

Tests were made on a static thrust stand to deter-

mine the performance and controllability of the aircraft in

simulated hovering flight. BeCLau~e the K-16B propulsive-

rotor blade loading is varied by introducing camber with a

flap on each of the blades, static performance tests were run

with various values of' collective blade-ilap deflection, ro.

A schematIc force diagram of the static stand is shown in

Figure 20,

/Ps

_ " Loadc.il

Figure 20
Force Diagram
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i IThrust *us not me-asure0 directly. The air-craft wii

mounted on three load culls corresponding to the three wheels,
lift and drag forces were measured, and pitching moment de-
termined. The resultant of the lift and drag is essentlally
the thrust except for the drag of the nacelle und Uta Part
of the wing affected by the slipstream. With the win~g flaps
up, this has been estimated to be a drag of 6.07q, which
yields an approximate nacelle and wing slipstream drag of 1.3
percent of the thrust. Therefore, the resultant force is
loes than the rotor thrust by about 60 pounds in 4500 pounds.
The resultant force is presented as a function of shaft horse-
power In Figure 21a, and is compared with the results of a
static-thrust strip-analysis (Appendix D, Figure 83),

Both the calculated and the test results were re-
duced to shaft horsepower at the engine output shaft. The
turbine output power was corrected for both engine reduction
gear losses and for lose for operating at non-optitmum rpm.
Engine inlet temperature was measured near the comprecsor
face. Inlet pressure was not measured, so no correction was
made for inlet duct losses, although the 10ss is estimated to
be 2 percent.

Insufficient data were obtained for tho construc-
tion of a complete performance map of thrust versus power for
various flap deflections. Nevertheless, the ex-perimental
data that were obtained agree fairly well with the envelope
of the calculated performance map (Figure 21b). The drag due
to the flapped wing it, the slipstream seems to be reflected
in the test data of the figure where, with 46 degrees of wing
flap, the resultant force is reduced by 300 pounds for the
same power.

Because of the agreement between the analytical and
'thce A-zer-imen~ai reffulits,_ the a,,al ys'i c- - a n aser ai twp ~* QI_... .he_ ee- ..

nents that determine performance. For example, subtracting
transmission losses from the test point corresponding to
7700 pounds of resultant force (C T /O - 0.163) at 15 degrees

of collective flap (Point A, Figure 21a) moves it to the lfet
for a rotor horsepower of 1523. The rotor figure-of-merit is
then 0.615. This point closely corresponds to the peak of /

the theoretical curve for a collective flap deflection of
12.5 degrees, shown in Figuire 83. Figure 22 shows the radial
variation of 9, CT/Cre, and L/D for this condition.

Figure 22a discloses that the mean f igure-of-merit
is reasonable detpite local discontinuities. The dip at Sta.
.50 is caused by vortices generated a the flap inboard junc-
ture; that at Sta. .95 by the flap/tip juncture and the drag
of the external chordwise flap-control rod. The lift-drag

I
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ratio in the flap region is fairly low, because of the drag

due to tne 15 degrees of flap deflection.

A number of possible changes to the rotor, discuss-
ed in the preceding section, led to a Yeduction of deflection
from 13 degrees to 5 degrees. Figure 22b illustrates the ad-
vantages to static figure-of-merit by so reducing the col-
lective deflection. The reason is, the variation of drag co-
effi.cient increment with flap deflection is approximately
parabolic, whereas the lift coefficient varies linearly.
Hence, there is a better L/D at low flap deflections than at
high flap deflections.

-With lower flap deflections, though, a lower thrust
coefficient is obtained at the original design tip speed. An
increase in tip speed permits the required thrust to be gen-
erated at the lower coefficient, as is shown in Figure 22b.
However, tip speed is limited by the onset of drag and lift
divergerce because of compressibility. When this 3ccurs, the
required thrust can be attained only by an increase in basic
camber. But, the inability to decrease basic camber when
thrust requirement. drop off at cruise leads to negative
thrust on large portions of the blade, and decreases the
blade lift-drag ratios. There is, then, an optimum combina-
tion of blade design parameters and variable camber for any
particular thrust-speed variation.

Performance (Wing-Flap)

The performance of the wing-flap combination in the
static thrust condition is manifested by the slipstream turn-

ing angle and the turning efficiency F/T; that is, the
percageo
percentage of thruL% that Is left after the slipstream is

turned. Turning angle test results are given in Figures 23,
24, and 25.

The aircraft was tested with the fuselage mounted
in a nose-up attitude (approximately 14 degrees which is 3
degrees greater than normal ground attitude), and the wing in
several tilt positions. Lift and drag forces were measured
in the vertical and horizontal directions, respectively. Re-
ferring to the diagram:

(Diagram on next page of text)
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H jSlipstream turning

angle - ( 1)

/\ where " ta -L

The slipstream turning angles obtained from the
data of Figure 24 and 25 are shown in Figure 23. The large
scatter in the drag curves of Figures 24 and 25 have a more
profound effect on turning angle than on resultant force.
For example, using tite Run 5 data from Figure 24, turning
angles of from 20 to 22 degrees are obtained. But taking the
drag data from the faired curve, angles from 14 degrees to 16
degrees are obtained. Including the drag data from other
runs, turning angles as low as 4 degrees were obtained with
40 degrees of wing flap deflection. The scatter in the drag
data Is such that turning angles determined using these data
are inconclusive. One possible reason may be the extrinsic
tail wind that prevailed during most of the tests which
would change the wing angle of attack in the slipstream, with
its consequent effect on the measured lift and drag
components.

An indication of the turning efficiency can be had
by observing the ratio ef the resultant force with the wing
flaps deflected to that with the wing flaps neutral, at the
same pitch angle. The assumption maCe under these conditions
is that the drag of the nacelles and plain wing is negligible
compared to the drag of the wing with the flaps extended.
The3e results are shown at the top of Figure 23 and are

labelled F/T.

Figure 2 of NACA Memo 1-16-59L(55) was used as An
aid to interpret the results of these tests. With .40C flap,
the flap chord diameter ratio is 0.174. Using the faired
curve (Ibid), a turning angle of about 19 degrees is indi-

cated. If the data points of this figure are used instead of

the faired curve, a turning angle of 16 degrees is probable,
which is in approximate Pgreement with most of these test
results. The turning efficiency fox- the slotted flaps, inti-
mated in the reference, is not quite attained in these tests.

C:3
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An analytical approach toward interpreting these
results can be- -made .. by rcduc.ing4 ' - t.ho .. . r

- -
4ntreamr_. tur ing angle ,

and efficiency, F/T, terms of orcinary wing lift and

drug R;o e A'~ C efr rin tG t ... C t

F . L L 2 + (T~) (2)
T T

X a T-D

In hover, TC - 1.0

and k,'
1ri (-AC Report G-113-4)(9)

T" it r. 5N (3)

Sutstttuting equation (3) into (2), and dividing
through by (qresS):

F 2 4

T -NnRr C k[ M~k~0] + (4)

S

Cr -T-D

substituting equation (3) into the above:

k2

N Ir k2 c (5)

Thus, the turning angle and efficiency F/T can

be expressed in terms of ordinary lift and drag coefficients
CL and CD.
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To determine the value of CL and CD for equations

(4) and (5), the test data can be used. For example, rear-

ranging Equation (5):

CLX kz kNR I (6)k L

and using Equations (4) and (6)

n Rz
SkI t. E

The constant, k,, ib the proportion of the theoret-

ical velocity in the ultimate wake that actually exists at

the aerodynamic center. As it is not precisely known, the
values of CL and CD are presented as a function of k 1 in

Figur.e 26. They are given for the basic configuration with
.40T wing flap for one of the points shown in Figure 23, for

a turning angle of ( Q - 16 deg) and an efficiency of (F/T

0.95). The maximum value of k. (0.79) is the theoretical

value found by the momentum theory of KAC G-113-4, Appendix
B (9).

The CL and CD curves of Figure 26 reveal some rea-

sonable values of CL, CD, and ki, which are likely to yield a

measured e and F/T. The lift and dra coefficients must

first be corrected for the effect of partial span flaps, for
only a portion of the wing is immersed in the slipstream.

The flap lift and drag increments can be obtained from NACA
WR L-441 (56), or from the power-off wind tunnel data, exhib-
ited in Figure 27, corrected for partial span by the method
of NACA TN 3911 (57). Applying these corrections leads to a

lift coefficient of 0.75, and a drag coefficient of 0.23.
Referring to Figure 26, these values of lift and drag coeffi-

cient in turn lead to a turning angle, , of 16 degrees at

a k, of approximately 0.74. This seems to indicate that the
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slipstream veiucity at the crodyna m i' centor is less than
that theoretically Inferred from momentum considerations.

The effect of lift and drag coefficients on the

slipstream turnizng A 4ciCnicy and angle is more graphically
illuatrated in Figure 28. It was constructed using Equations

(4) and (5). This figure implies that it is more beneficial
to increase the flap lift increment rather than to reduce
the drag coefficient. Using this figure, with k, - 0.75 and

- 16 degrees, the lift coefficient is 0.725 at a drag

coefficient of 0.25. Increasing the lift coefficient to
1.025 increases the turning angle to 22.2 degrees, and the
turning efficiency from 0.945 to 0.975. The figure also
shows that with given lift &ad drag coefficients, only one
turning angle can result unless thu velocity, kl, at the
aerodynamic center changes.

With the previously derived values of lift and drag

coefficients, and a value of 0.74 for k l , the resulting angle

is 16 degrees and the efficiency 94.3 percent. These points
agree fairly well with the test points of DTMH Report 998
(47), and somewhat with those given in NACA Memo 1-16-59L
(55) by the test points for the sabie configuration, namely,

0 - 16 degrees, F/T - 0.98. These charts, therefore, can

serve as a guide to the effect of configuration changes on
turning efficiency and angle. Table II summarizes the angles
and efficiencies indicated by various methods for this
condition.

(Table II on next page of text)
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Table II
Turning Angles and Elticiencies

Conf igurat ion , FT
- - -i- Sou r ce C L  CD  X I  D~eg. F/T

Flap o Gap

.40C 400 .015 Present
Fowler Cf Tests .54 .22 .79 13.5 .94

* r75 .27 .75 16 .943
Tests

I Present 1.09 .325 .6 15.5 .945
Tests

7 Ref 55

ePoits

400 .015 Ref 59

Fowler Cf Test 19 .98
Points

* Used in subsequent analyses

Controllability

Control of the K-16B in hovering and low-speed
flight is primarily attained by cyclic flapping and coiiect-
ive pitch displacement of the rotor blades. Longitudinal
control moments are the result of the cyclic deflection of
the blade flap, which induces flapping about the axis paral-
lel to the wing span. Lateral and directional control mo-
ments are functions of differential blade pitch between the
left and the right rotors, and of lateral cyclic flapping.
The lateral and directional controls must be properly phased
to result in control moments about the respective body axis.
For example, lateral flapping results in a yawing moment
about the vertical axis through the wing. Because of the
partial wing-tilt, this moment has two component*. in the body
axes - yaw and roll. To counteract the rolling moment re-
sulting from lateral ilapping, differential collective pitch
is introduced in the opposite sense. The system is fully de-
scribed in KAC Report G-113-4 (9). (Also see Appendix A).
It was one of the purposes of the full-scale tests to deter-
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minie the degree to which compensating moments were necessary

to obtain pure body axis moment control. Another purpose
was to determine the amount and phase relationship of blade
flapping, and the cyclic blade-flap deflection. This rela-
tionship is called "cyclic sonsitivity".

Cyclic Sensitivity

Part of the control moment is due to a centrifugal
moment about the rotor hub resulting from the offset flapping
hinge and the bladL flapping (Ibid). The flapping hinge off-
set changes the cyclic sensitivity and the natural frequency
of flapping to bring the system off resonance. The degree to
which the system is off-resonance it a function of the offset,
the first mass moment about the flapping hinge, pitch-flap-
ping coupling, and the thrust coefficient for the particular
flap-chord ratio. The flapping equations of motion are given
in Appendix D. These equations yield the longitudinal cyclic
sensitivity and phase angle shown on Figure 86. The rara-

meter O/ in this figure is defiijcd as:

e rnennbF

~aR 4'

where: e - fiapping ninge offset, ft

mb - blade mass, slugs

- distance from the flapping hinge to
blade c.g.

c - blade chord, ft
R - blade radius, ft

a - lift curve slope

It is apparent from Figure 86 that for constant
offset, such as exists on the K-16B rotor, as the blade gets
heavier or the c.g. moves outboard, the longitudinal cyclic
sensitivity is reduced and the phase angle moves from 90 de-

grees. The introduction of negative 01 3 brings the flapping

motion back toward resonance and returns the cyclic sensi-
tivity. Point A of Figure 86 indicates the position of the
original design of the K-16B rotor. Subsequent modifications
led to a blade that is represented approximately by Point C.

The Or3 angle built into the blade is -28 degrees, and the

azimuth is indexed at 21 degrees. As a result, the phasing
was expected to be about 13 degrees off at the maximum thrust
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coefficient, and the cyclic sensitivity down to 0.47. Of

course, at lower thrust coefficients, the cyclic sensitivity
would be further reduced as shown by the figure.

Besides cyclic sensitivity and phase angle, the to-

tal controllability d"pends upon the amount of moment obtain-
ed from a given amount of blade flapping. Using the analysis
of Appen ix D, the hub-moment and total momen are shown in

Figure 87 as a function ol Y/2 and O/3 angle for the normai

thrust coefficient. This li-uru shows that the longitudinal
component of the hub-moment and thv totat moment both in-

crease with either an increase i, 4 or an increase in

negative 01 3 angle. It increases wi~n the latter because the

system is brought closer to resonance and the cosine ap-
proaches unity.

Test Results: The measured cyclic sensitivity is
shown ir Figure 29 compared with the results of the analysis

Analysis

figure 86

4

"U .t.

Run 009L

M '9.75 N CT

12.2 7.6 722 .0243

4 0 4 8

Cyclic Flap Deflection - 4 'cyc deg

Figure 29
Comparison of Cyclic Sensitivily
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given in Appendix D; Figure 86, for the particular thrust co-

efficient (in this case the resultant force coefficient).
Also, in Figure 30 is shown the total pitching-moment com-
pared vith the analytical results given in Figure 87. The
cyclic senbittvity for Run 4 coul1d not be measured for the

flap-deflction potentiometer was not fully installed. The
total pitching-moment however, as a function of longitudi-
nal flapping is in good agreement, so the cyclic sensitivity
must also be in good agreement.

It is not the pitching moment given in KAC Report
G-113-4 (9) for full cyclic input at full thrust. There are
two reasons for this. First, in these tests total cyclic
input amounted to only 15 degrees of cyclic flap d 'lection
instead of the design 25 degrees used in the original analy-
sis (Ibid). Second, as shown in Appendix D, Figure 86, cy-
clic sensitivity is a function of the thrust coefficient.
Full hovering thrust was not attained in these tests, and the
cyclic sensitivity is diminished. In addition, part of the
pitching-moment is due to the thrust force; for example:

T L (7)

and d .1~

cL e~ ad~U Jr_ (8)

where: dal/do/l - cyclic sensitivity

Because the cyclic sensitivity is a function of thr hiriost,
the hub moment is also a function of the thrust. These two
reasons - the restriction in cyclic flap deflection to 15
degrees, and the lower thrust of the tests - fully explain
the difference between these results and the analytical de-
sign projections of G-113-4.

Wing Straightening: An interesting point of these
tests is evident in Figure 30c. When the stick is displaced
forward, the rotor flaps forward (the disc tilts forward).
The rotor thrust vector points more forward; the vertical
component of the thrust is reduced and the horizontal compo-
nent increased. At the same time, the forward tilt of the
disc redirects the slipstream, causing an increase in the
wing angle of attack, and the wing lift and drag are in-
creased. The vertical component of the wing lift, then, in-
creases when the corresponding component of the thrust is
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reduced, and the horizontal componont of -e wing lift and

drag increases to counterbalance the increase in forward hor-

izontal component of the thrust. The two effects of the

rotor and wing tend to cancel each other, or, the wing tends

to straighten the slipstream and tiiere iE little chang in

aircraft lift and drag with cyclic control. Figure 30c shows

the cancellation is almost total within the experimental ac-

curacy. This reduces the thrust moment by changing the mo-

ment arm to approximately the distance from the hub to the

wing aerodynamic center, rather than from the hub to the CG.

Cyclic Power: Another effect of cyclic control is

the power required. According to the analysis of Appendix D,

both profile and induced power are effected. Figure 31 com-

pares the calculations with the results of Run 009L. This

1800 f ._
Af Fwd

Stick . . Stick

1600

0 ©Q ,

0

i Analyris

4 1200

(U

0 hun 004j,

o A Run 009L

200

0
-4 -2 a 2 4 6

a 1 - degrees

Figure 31

Power for Cyclic Control
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power-required can be compensated by a suitable kinematics
linkage in the engine control geometry, or by an isochro-
nous governor.

Lateral Directional Rotor Control

The lateral-directional control moments are obtain-
ed on the K-16B by a pr-per proportioning of differential
collective pitch between the two rotors, and of lateral cy-
clic rotor flapping. The details of the functions are given
in KAC Report G-113-4 (9) and in Appendix A, but will be
summarized here for completeness.

Lateral control is obtained by differential blade
pitch, that is, increasing the thrust o one ro'or and de--
creasing it on the other. Because of the partial wing tilt,
both a rolling moment and a residual yawing moment result.
The induced yawing moment is compensated by the introduction
of lateral cyclic flapping. Directional contro' is obtained
by lateral cyclic blade flapping. This zauses a sideways
tilt of the rotor thrust vectors, producing a yawing moment
about the wing yaw axis, as well as a centrifugal hub mo-

ment in the same direction. Again because of the partial
wing tilt, a rolling moment is induced about the body axis.
This rolling moment is compensated by the introduction of
differential blade pitch in the opposite sense. The intro-
duction of both compensating controls is effected as a func-
tion of wing tilt through appropriate linkages. It is one of
the purposes of these tests to determine the degree to which
the primary controls and the compensating control linkages
accomplish their purpose.

The tests should indicate the cyclic sensitivity,
vr the a ,,n,- of fl* -In- -reduced by the cyclic flap deflec-
tion. In this case, the lateral cyclic sensitivity should be
the same as the longitudinal for the same thrust level. Thecomparison is shown in Figure 32.

An adequate analysis of the results of controlla-
hility tests entails carrying the measured components of the
:ontrol moments to an aerodynamically common base; ie, a
point that separates the aerodynamic results from the mechan-
Achl system. Only in this way can the results be interpreted
in physical terms independent of the functioning of a mechan-
ical system. Such a common base for comparison is the wing
axis system before control compensation is introduced.

Blade flapping is a result of aerodynamic moments
on the blade, and depends on the blade-flap input. The test
should express the wing axis yawing moment for the amount of
flapping obtained. This was determined from the body axis
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measurements (Figure 33) by a transfer of axes, and are shown
in Figure 38. It the primed moment symbols denote the wing
axis system and the unprimed symbols the body axis system,
these axls transfer equations are:

L' -i n 7" + N ro 'F

" Lcs " - Nsqn' (S)

The wing axis yawing moment is a function of a hub
moment, a thrust moment, and a yawing moment contributed by
the spoilers then the stick is deflected laterally according
to the following equation taken from KAC Report G-113-4 (9):

N T % , + C(10)

The corresponding wing-axis-system rolling moment is:

L' F iT L (11)
L N - s- L n -- E)A + -!e AO + LS l).

(When the rudder pedal is depressed there is no spoiler pro-
Jection, so N. and L are eliminated.)

Substituting the previously determined component

part (F/, G etc) into equations (10) and (11) will reveal

the contribution of each part to the over-all moment.

The experimental results will be consistent if the
wing-axis rolling and yawing moments, determined by inserting
the experimentally established components into equations (10)
and (11), agree reasonably well with those found directly
when using the axis transfer equation (9). The same moments
obtained by inserting the analytical components into equa-
tions (10) and (11), when compared with the other two methods,
will furnish an insight into the precision with which such
moments can be estimated.

First, ccnsider the case when the stick is deflect-
ed laterally (Run 021L). The measured body axis rolling and
yawing moments are shown in Figure 33b. In this case, the
principal control is differential collective pitch with lat-
eral cyclic as compensation for the yawing moment that is
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produced. The cyclic flap deflection, flapping angle, and
right rotor pitch are given in Figure 34 as functions of lat-

eral stick deflections. The F/T and of equations (10) and

(11) were taken from Figure 23. Two other items for inser-
tion into the equations are the variations of thrust and
torque with pitch. The analytical values are found in Figure
35 with any experimental values obtained also entered. The

thrust results of Runs 004L, 005L, and 008L (o/: - 14.8) show

reasonable trends.

The thrust-pitch slopes obtained from the strip a-
nalysis are in good agreement with these results. At the low
values of flap deflection, however, the absolute values of
blade pitch are about one degree high. This is a result of
centrifugal twisting moments as shown in KAC Report G-111-4
(5). The thrust value of Run 021L was determined by taking
the torsional flexibility into account. The shape of the
torque-pitch curves is similar to those found analytically
(Figure 35). The absolute value is not directly involved in
the equations, but only the slopes.

The differential collective pitch must now be ac-
counted for. Blade pitch was measured on the right rotor
only. The reasonableness of an equal pitch increment on the
left rotor can be determined by working backwards from the
experimental results (Figure 33) with the aid of the vector
diagram of Figure 36. Point 8 corresponds to the last point
of Figure 33 for right stick deflection. The body-axis roll-
ing moment (L) is 13,000 ft-lb, and the yawing moment (N) is
3500 ft-lb. Starting from the plot of this test point on the
vector diagram (Figure 36a), the first component to be ana-
ly:ed is that d.c ti lateral cyclic, flap.

From oscillograph record 1696, b1 was found to be

+1.3 degrees. The right rotor pitch is 8.1 degrees for neu-
tral stick. Correcting for centrifugal twist, from KAC Re-
port G-111-4 this becomes 5.9 degrees, which according to
Figure 35 yields a thrust of 2940 lb, or 5880 lb for two
rotors. The wing-axis yawing moment (W') due to lateral cy-
clic is:

SL
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which for thi case is:

r Ct~is 0
N' 15 + I.3 20 ft-ib

The 1735 ft-lb/deg (99800 ft-lb/rad) for the hub moment de.!ri-
vative is given in Figure 87, and is corrected by 4 percent
for the reduced thrust.

This is laid out on the vector diagram (Figure
36a), starting from the test point and parallel to the N'
axis. This is straightforward.

Next must be determined the effect of differential
collective pitch. The effect of this pitch increment is to
produce a thrust moment component parallel to the wing yawing
axis, and a lift moment component parallel to the wing roll-
ing axis. Because the blade pitch was measured only on the
right rotor, the pitch on the left rotor was determined by
applying the same pitch increment between static calibration
and dynamic deZlection on the left rotor as had occurred on
the right (Figure 37). The total actuator-indicated differ-

Right Rotor
Left Rotor

,4
-Oscillograph Assumed for

Q ocoraphZ.~ operating
N -. left rotor-- 4 L tai Due to

-V/ ~ sal elastic

Calib. deformation

-100 -50 0 50 100

Left Stick,% Right Stick,%

Figure 37
Increment in Differential Collective at Actuator

Due to Elastic Deformation
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ential collective pitch was so found. The values of 5.6 and

10.8 for full right stick were corrected fcr blade centrifu-

gal twist (G-111-4)(5) to yield a final A of 4 degrees.

The values of differential collective pitch shown on Figure
34 were corrected for centrifugal twist, whereas the raw data
presented in NASA TN 2538 (53) and by Weiberg (58) were not
so coriected.

The thrust mome~it tomponent is givcn by:

, F _aLT
N z T .ICo

Referring to Figure 23, the slipstream turning angle e and

efficiency F/T are approximately 16 degrees and 0.94 respec-
tively. krom Figure 35 the average thrust-pitch curve slope
is 190 lb/deg. Substituting these factors into the foregoing
equation, the thrust moment component becomes 8,000 ft-lb,
drawn parallel to the N' axis on the vector diagram of Figure
36a. The lift component of the differential collective input
is just the sine component:

F - 8000 (.2 5C))
T8o( .96 5 2 5o ft-Lb •

This is laid out parallel to the L' axis, and the vector
marked "DifferentiFl Collective" can be drawn.

The torque component is straightforward and can be
obtained from Figure 3G as

weedGL 220 + j1 85f -- cacwhere 2

ata185 (4) z 740 f t-lb

parallel to the wing rolling a,%is, L' (i'gue 3Ga).

The vector diagram now shows a negligible amount of
wing axis rolling moment to be furnished by the spoilers, and

85



I"
a rolling and yawing asymmetry. The rolling asymmetlry is a
little less than that shown in Figure 33a for zero stick.
The dotted vector diagram shows the point that would be cal-
culated using the foregoing components plus the effect of
spoilers. The spoiler effect was found from tunnel tests
(Run 39), suitably corrected for the dynamic pressure and
wing area affected by the slipstream (G-113-4)(5). The
spoiler rolling moment is Ls ' - 0.145T and the corresponding

yawing moment is NS ' - 0.0695T for the 43 degrees of spoiler

projection. The final end point, Figure 36a,

L - 11,600 ft-lb
N - 2,200 ft-lb

is within the experimental accuracy of the test as shown by
the scatter in the data. Points corresponding to left stick
(Point 1) are also shown in the vector diagram.

Having the component parts for equations (10) and
(11), the wing-axis rolling and yawing moments were obtained
by the three methods, namely:

1. Directly from measurements using the axis
transfer equations;

2. Using equations (10) and (11) with experi-
mentally determined components such as

T, bl , F/T, 8 dT dQ

' -)' 9 _E)
3. Using equations (10) and (11) with analyt-

ically determined components.

They are compared in Figure 38 for Run 021L as fuuctious of
total differential pitch when lateral stick is applied. In
general, the comparison is in good agreement. One reason for
the scatter in the yawing moment is the scatter in the b1
compensating blade flapping. For example, at neutral /- e ,

the bi is the same as at full right stick, 1.3 degrees,

whereas it should have reduced to zero.

Design Analysis: The various components can now be
analyzed with respect to the original design (Figure 36b de-
rived from G-113-4)(9). The .eduction in slipstream turning
angle from 26 degrees to less than 16 degrees had littie ef-
fect on the rolling moment inasmuch as the required addition-
al wing tilt did not change the direction of the differential
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collective vector. The reduction in the magnitude of the
differential collective pitch, however, had zn appreciable
effect. The design differential pitch was 10 degrees, where-
eatie ctl defrmton(Fgr38.Tel soerfeci-as the actual diflere ntil pitch (as tested) was 5 degrees at
the actuator, and 4 degrees due to centrifugal twist and
elastic deformation (Figure 38). The low spoiler effective-

ness in hover would reduce the lateral cyclic compensation
required, provided adequate differential collective pitch and
its corresponding torque were provided (Figure 36b). The re-
duced thrust levels also led to a reduction in the effect of
the differential collective pitch because the thrust-pitch
derivative was lowured.

It is therefore important in the design of any con-
trol system that uses differential collective pitch to ac-
count for all elastic deformations and the effect of reduced
thrust effectiveness, particularly if operpLion at reduced
thrust levels is expected.

Directional Control

The rolling and yawing moments measured upon pedal
deflection appear as a function of blade lateral ilapping
angle, bl, in Figure 39. Depressing the pedal deflects the

• blade flapE cyclically so that the rotors flap in the direc-
tion of the depressed pedal. Therefore, in the wing axis,
lateral flapping is the logical aerodynamic characteristic
leading to a yawing moment.

The prime factors leading to a wing-axis yawing mo-
ment nre the hub and the thrust moments due to cyclic flap-
ping. The relationship between blade-flap cyclic deflection
and lateral flapping for Run 021L is given in Figure 32. The
analysis was made with equations (10 and (1i), using the
measured values of lateral flapping, b1 , and the compensating

differential collective pitch, Z . The wing-axis

and yawing moments calculated with the latter equations were
converted to the body axes, for comparison with the measured
values, by the following axis tiaitsfer equations:

L cos7 k N'n7

N N'cos' - L' s' (12)

where the primed symUoLs dciio,. tIl, wIng axis system.

Considering the scatter in the data, the analysis
based on the equations is fairly ac'urate as is evident in
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Figure 39. The accuracy with which yawing moment tan be ana-
lyticaily predicted is better illustrate. by r'efe', ing the
measured values to the wing axis system (Figure 40). In this
system, lateral cyclic flapping directly furnishes yawing mo-
ment. This comparison verifies that the wing-axis yawing mo- I
ment can be determined anaiyLiealiy.

The manner in which wing-axis yawing and rolling
moments combine to lorm body-axis yawing and rolling moments
can best be illustrated by a vector diagram similai to the
one used in the lateral control analysis. The point marked
"Point 8" on Figure 39 (b, - 5.5 deg) is analyzed vectorially

-" in Figure 41 by way of illustration.

Starting from "Point 8" on the vector diagram, the
compensating differential collective piLch, when corrected
for elastic deformation, was -2.55 degrees. When combined

with the F/T and 9 from Figure 23, the dT/dOE from Figure 35,

and using equation (10), it results in the differential col-
lective triangle shown Applying the torque derivative from
Figure 35 brings the vectors to just the other s ide of the
wing yawing axis, N'. Combining the hub moment and the
thrust moment derivatives due to lateral cyclic, and using
equation (10) aR follows:

.! -L

parallel to the wing yaw axis, yields a sligltty asymmetric
body-axis rolling and yawing moment that is lairly close to
Lha t obtaind. cxpcrimenta"l........ ... f-

- :Design Analysis: Several facts can be gleaned from
i: ""the comparison of the direct and the componential methods for
I1" .determining wing-axis rolling and yawing moments (Figures 40

and 41). The most important is that wing-axis yawing moments

can be predicted analytically. Secondly, in the tests there
was insufficient compensating differential collective pitch,
quite probably because elastic deformation was not accounted
for. (See bottom of Figure 40)

The original design is compared with the test re-

sults and several alternatives in the vector diagram of Fig-
ure 42. The reduced slipstream turning angle called for an
increase in wing-tilt. This in turn had an adverse effect on
the body-axis yawing moment, the change being proportional to
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the cosine of the tilt angle. The itcruascd tilt required
more differential collective for compensation, which was not
available because of control system geometry.

To summarize, thv analytical mthods applied to the

rotor static performance lead to the explanation for a tes-
rotor figure-of-merit little better than most helicopter
rotors. The principal reasons are: the large flap detloc-
tions and flap junctures cause high drag azid, thereloro, low
section L/D; drag of the outboard chordwise control rod.

The results of the wing performance tests are in-
conclusive in establishing a slipstream turning angle because
of the large scatter in the drag data. However, reasonable
values of wing-flap lift and drag increments are analytically
shown to lead to a good average value of the test points for
turning angle and efficiency. The turning angle of tli-e flaps
was reduced principally because of the reduced span of the

flaps.

Rotor control is a function of the moments and
forces generated by blade cyclic flapping and differential
collective blade pitch. The flapping is induced by cyclic
flap deflection, the relation between them known as cyclic
sensitivity. The cyclic sensitivity, and subsequent moments
obtained in the tests, is almost exactly those analytically
determined. They are not those of G-113-4 (9) for the orig-
inal design however, because of nechanical restrictions in
cyclic flap deflections, and the reduced thrust levels of the
tests.

The portion of the controllability dependent upon
the slipstream turning angle and efficiency reflects the re-
duction in turning angle from the design value as well as the
r'duc-i thkust levels, and tends to subqtnntiate the vAlues
deduced from the analysis of the wing-flap performance data.

TRANSITION

In the transition phase of a tilt-wing airplane,
the vertical force is gradually transferred from the pro-
pellers to the wing (or conversely). This is most effi-
ciently performed when the wing can sustain the greatest
portion of the vertical load at the lowest possible speed. A
large flap-lift effectiveness requires a lower wing tilt an-
gle to sustain the aircraft, thus, a lower wing free-stream
angle of attack. A lower wing angle of attack at any speed
will reduce the tendency to stall in the transition.
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Airplane_ Periornance

Wind tunnel tests of the K-16B show that at condi-

t onS s n wh ich the ar cruf 4 woulId bc1 I ,-Icc ,d (14t4ACU l

weight, thrust equals drag) the wing was stalled. Figure 43
shows the analytically determined wing slipstream anglo o1
attack throughout a ievel-fligl.L transition. With the unpro-
tected leading edge, stall is exhibitud botween 25 and 70

knots, even in "he slipstream.

With no slipstream across it, the center section is
stalled until the total wing angle of attack is reduced to
subcritical values at the end ol the transition. The stall
is a result of thc pylon wedges which become exposed when the
wing is tilted, the large chordwls, extent of the tiltable
portion of the center section, and the lack oi leading edge
protection.

The analyLical trim procedure of Alnendix D, which
accounts for center section stall, was used together with
data for certain representative slats to eliminate stall in
the slipstream and minimize it at the center section of the
K-16B. Tile center section stall boundary moved from 75 to 50
knots. The elimination of stall on the wing improves the
flow over the tail, making it more effective so that it will
assist the rotor in trimming the aircraft in this flight re-
gime. At the same time, the out-of-trim moments will be
greatly reduced.

Trim Angle of Attack

The free-stream angles of attack shown in Figu e 43
were calculated using the longitudinal trim analysis given in
Appendix D. These angles are for a K-16R cross weight of

9300 pvunds. Because of wing stall, a lift of 9300 pounds
was only once attained in the transition tests. The effect
of the slipstream is duplicated (ie, the wing angle of attack
is the same) if the disc-loading/q is the same. Also, the
free streanm q is determined by the lilt equilibrium. Hence,

the measured tunnel dynamic pressure need only be multiplied
by the ratio of the wing loadings to determine the attitude

angles corresponding to lilt equilibrium of the aircraft in
flight. This was done in NASA TN D2538 (53) and the test
points are shown in Figure 43a.

Prior to the full-scale tests, the i/8-scale

powered-model was tested with various Fowler flap configara-
tions and leading edge devices, The attitude angles for lilt
and drag equilibrium from these tests are shown in Figure
43B, as well as those from both calculations and full-scale
tests corrected to 9300 pounds. The figure shows good agree-
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ment in all three methods. Data from the 1/8-scale model
tests are shown in Figure 44.

Figure 43b reveals a convexity in the curve of at- I
titude angle for equilibrium flight, whereas the original
design was concave. The shape of the curve is indicative of
the amount of rotor thrust (and power) required for balance,
and points up the extent of the wing stall problem. The tuft
sketches (Figure 45) imply a rapid outboard spread of the
center section stall that is triggered at fairly low angle of
attack by the wing pylon wedges that become exposed as the
wing is tilted. The cross-shaft cover protrudes ahead of the
leading edge and generates vortices at its edges, which also
assisted the outboard spread of the center section stall.

The combination of the high aircraft drag (Figure
27), and the rapid spread of the center section stall result-
ed in aircraft lift and drag balance at a well-stalled por-
tion of the lift curve for all four transition points that
were tested (Figure 46).

Rotor Thrust Estimate

No provision was made for measuring rotor thrust in
the wind tunnel tests. For a particular test an approxima-
tion of the TC" was made, using the results of the 1/8-scale

model tests given in Figure 44, and computing the slipstream
based lift and longitudinal force coefficients as:

CL - CL(1 - TC") (13)

CX - -'CD(l - TC") (14)

Tcsc wr cm---rd wit te reut o.f the~ 1 /8-sale~ model
tests, endeavoring to match the results in the low angle of
attack range below the stall. Additional approximations were
made, the process continuing until the best possible match
was obtained. This was thei considered the thrust zoeffi--
cient TC" to be used in the analysis to establish rotor par-

ameters of power, cyclic sensitivity, and control. The re-
sults of this approach are shown in Figure 44 with symbols,
and the 1/8-scale model results as bold lines. Only three
thrust coefficients were tested in the L/8-scale model runs
and three different thrust coefficients estimated for full-
scale for the same configurations, but the "carpet plot"
method of presentation allows fairly accurate interpolation
to be made.
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Power: The power required for balanced level
flight from the tunnel runs is presented in Figure 47, as is
an analysis of Appendix D, Figure 84, for the appropriate
values O P , and T. ill be noted that these re-

sults are different from those gicen in Figure 22 of NASA
TN D2538 (53). There are two essential reasons for this dis-
crepancy. First, the values in Figure 22 (Ibid) are for a
9300 lb aircraft, whereas those in Figure 47 herein are for
the actual lift attained in the tests. It was considered
advisable in an analytical correlation to avoid the addition-
al uncertainties of a method for extending both profile power
and induced p'wer to apply to a higher gross-weight vehicle.
The second reason is indicated by Figure 48, which shows dif-
ferent amounts of power reduced from the same data. The NASA
points are the first three points of Figure 25 of TN D2538.
Because no reason is known for the discrepancy and the total
difference would militate against the analysis, it is advis-
able to give, in detail, the steps taken to reduce the engine
data to SHP. Run 4, Figure 48, .111 be used to illustrate
the procedure.

In Run 4 a lift of 7000 lb was attained when suffi-
cient power was introduced for drag balance. The power re-
quired was 1135 HP, and was obtained as .o!lows:

1. The inlet temperature, as measured from

the inlet duct thermocouples, wat found

to be 770 F leading to a JO2 of 1.0165.

2. From a "blip" count on the oscillograph
records (Traces 2 and 3) the gas producer
speeds were found to be 23760 rpm and
9 rpm for the left.n- right engneo,

respectively.

3. From the calibration charts for the spe-
cific engines these led to values of

HPpr
H pr of 595 and 636, rezpectively.

4. The inlet temperature and test section

pressure led to a o. 2 of 0.964.

* .5. Multiplying the values from the calibra-
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t ion chart by led to HPpT of

584 and 623 for the left and right engines,
respectively.

6. The correction for operating off the
optimum RPM depends on the power tur-
bine speed, N 2 . This is obtaincd

.rom the rotor "blip" count, Trace 1,
multiplied by the gear ratio. For
this case it is 675(26.32) - 17750 ipm.

7. This is corrected to standard conditions
for entry into the G.E. chart (CA 123).
This chart is entered both for the ac-
tual and optimum rpm (19,500), and the
difference noted. In this case it is
a loss of 20 HP for each engine, re-
sulting in a total loss of 39.2 HP

when corrected foi- temperature.

8. This is subtracted from HPPT's obtained

from Step 5, leaving 564 and 603,
respectively.

9. The main gearbox loss is furnished by
the engine manufacturer as a function
of power turbine speed. For this case,

it was 16 HP for each engine, leaving
net turbine shaft horsepower of 548 and
--i ior tne [eft and right englnes,
respectively.

This procedure was used in the reduction of all the
power data in this report, inasmuch as there is often a fair
discrepancy between the N 1 as indicated by the tachometer and

that obtained from the oscillograph record. There are many
small corrections which, if neglected, lead to erroneous
values of power.

The analysis of Figure 84 agrees fairly well with
the experimental values. It must be pointed out however,
that the wing was in deep stall when drag balance occurred.

The power required consequently was higher than it would be
had there been no stall.
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Rotor Performance

The rotor Is designed to provide high thrust for

hovering flight, so the mean lift coefficient is high with

collective flap deflection. As the thrust requirements drop
olf with forward speed, the propulsive-rotor becomes less

efficient because the blade sections are operating at lower
lift-drag ratios. The collective flap is retracted as the
thrust drops off, and when nalfway through the t.ansition is
frliy retracted.

Propulsive Efficiency

Most of the transition tests of the K-16B were run
with a constant 13 degrees of blade-flap collective deflec-

tion. In an actual aircraft transition, of course, flap de-
flection would be reduced from the optimum hover value to
zero in forward flight.

A thrust calibration was made at two airspeeds, 39
and 77 knots, assuming thrust equals drag. (These are the
first two series of points in Figure 8c of TN D2538 (53)).
This calibration was to be run with zero collective flap de-
flection, but there was an inadvertent deflection of 2.3 de-
grees. At the point at which the aircraft is balanced, Fig-
ure 49 indicates a power of 1080 HP. At this point the rotor
propulsive efficiency was 53 percent. The calculated effi-
ciency was 57.8 percent. Agreement is good, especially since
in the tests the flap was deflected 2.3 degrees when suppos-
edly retracted, and the strip analysis in forward flight does
not provide for a collective flap deflection.

.The ..i- izitio . -nnj l c nf Annpndix D was

used to determine the effect of flap deflection on rotor ef-
ficiency at these speeds. The comparison is shown in Figure
50. A reduction in efficiency of about 2 percent is indi-
cated for the 2.3 degrees of collective flap deflection.
This brings closer the agreement between analysis and exper-
imental results.

With the alleviation of wing stall in the transi-

tion, the power will drop off with speed as the induced pow-
er is reduced. At higher speeds, when the required thrust
and advance ratio both increase, the efficiency will also
increase. At 140 knots (the last series of points of Figure
8c of TN D2538) rotor efficiency was not investigated. A
mechanical restriction limited the pitch angle to 26 degrees
(which results in a negative thrust at this advance ratio),
and the flaps were not fully retracted. These last points,

then. are not the result of a thrust calibration, but are the
incidental results of a test to investigate rotor blade flap-
ping at high speed.
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Control

At the low end of the transition speed spectrum,
the aircraft is controlled by propulsive-rotor cyclic lift.
The magnitude is dependent upon cyclic sensitivity, which
has been discussed in the "hover'" section. A particular
required control moment for low-speed control can be ob-
tained from an optimum combination of blade design parame-

ters. As speed increases, the cyclic control is phased out
and tho aerodynamic surfaces take over.

The complete eqvaticns of blade flapping motion
are given in Appendix D, and the cyclic sensitivities for
the present K-16B are shown in Figure 88.

Long it udina 1

The cyclic sensitivities of the wind tunnel
teats are compared in Figure 51 with the results of an
analysis from Appendix D, Figure 88. At the two lowest
tunnel dynamic pressures the agreement is good, but at the
two higher dynamic pressures the analytical results are
conservative. The most likely reason for the conservatism
is a variation of the cyclic inflow factor with forward
speed. The factor used was derived from hovering control
considerations. But in transition the induced velocity,
which is modified by the cyclic inflow factor, is a
smaller proportion of the total inflow.

In Figure 52 control moments are shown as func-
tions of the longitudinal flapping angle. They are pre-
sented as functions of the resulting flapping angle, al,

ra thr t-n cycl I"c flaP aeflIection, c_ 1 to remove the

effect of scatter in the cyclic sensitivity. The control
power from the analysis of Appendix D, Figure 88, is also
shown. Fair correlation is evident, but with test results
signifying a higher control moment per degree of flapping
than does the analysis in the linear range.

Test results (Figure 52) include the effect of

the elevator. The analysis also does, but estimated values

of dCCm/ct4 from KAC Report G-113-4 (9) were used. It

is prudent to compare the estimated and the test values of
this parameter. Figure 53 shows that the calculated ele-
vator effectiveness (slope of curve) from Reference 9 is
not too different from the results of Runs 33, 34, and 36
(Figure 31 of NASA TN D2538) (53), although the experimental
value is slightly higher than the calculated value.
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The increment in pitching-moment coefficient due
to the elevator can be expressed as:

ACC" -T) (15)

and:

dI.C, d4 (16)

or: Ca_ C.. a '' C (17)
1a~ d4 cf.

Substituting:

-- = .96 -,0192 from Ref. 9 (18)

- .56 from Figure 88 for
a -r Run 19

L

q - 11.2 for Run 19

into the above equation yields 474 ft-lb/deg, which is but
about 20 percent of the total control moment of 2200 ft-lb/
deg that is developed. Of course, the elevator effective-
ness increases with airspeed. The foregoing figures apply
to an airspeed of 58 knots.

During the elevator effectiveness tests, the con-
trols could not hold the deflection against the airstream.
The difference in moment slope, dM/dal, (Figure 52) is ap-

proximately equal to the loss in elevator effectiveness,

dC,!'/ L o. related through equations (17). This is an idi-

cation of control system deflections.
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Figure 52 also indicates an "out of trim" moment
from tests with stick neutral. The "stick neutral" point
of Run 19 on the figure shows a m-ent of approximately
11,000 ft-lb. (This is the same as shown in Figure 25 of
TN D2538 for a lift of 8800 lb.) The calculated momont of
7000 ft-lb reflects the difficulty in estimating the drag
of the various components of a stalled flapped wing, part
of which is in the slipstream and part of which is not. Be-
cause of the influence of vortices shed by either end of the

cross-shaft cover at the center section, both induced and
profile drag of that portion of the wing are difficult to
estimate without drag build-up tests.

Lateral-Directional

In the K-16B, hover lateral control is obtained by
differential blade pitch with lateral cyclic flapping to
compensate for the residual yawing moment. As the wing is
brought down in transition, the yawing moment component in-
creases, so more lateral cyclic is required to compensate.
Finally, the speed is great enough so that spoilers provide
sufficient roll control and differential collective is
phased out. Similarly, directional rotor control in hover
is lateral cyclic with differential collective pitch pro-
viding the compensation for the residual rolling moment.

As the wing tilt is reduced, the compensating differential
collective pitch is phased out, for the rudder is becoming
effective.

Lateral and directional control excursions were
made at a wing tilt of 40 degrees under conditions similar
to Run 15 (Figure 51a). The lateral cyclic sensitivity
would be oxpected to be identical to the longitudinal, but

90 degrees out of phase. The results are displayed in
Figure 54. A comparison of this figure with the lower half
of Figure 51 shows a similar slope, although greater than

the analytical slope. Calculations underestimated the mo-
ments, most likely as a result of a reduction in effective
cyclic inflow factor, which reduction was neglected in the
analysis.

Pedal Deflection

Pedal depression brings about lateral cyclic flap

deflection and a compensating differential collective pitch
to provide pure body-axis yawing moment, The body-axis
yawing and rolling moments due to pedal depression are con-
sidered a function of lateral flapping in Figare 55.

An analysis of the wing axis yawing and rolling
moment shows substantial agreement with the maximum right
rudder depression that was tested (Point 1). Pitch was
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measured on the right rotor only. For the left rotor, the

differential collective pitch was determined using Figure
37.

The experimental compensating differential collec-
tive pitch variation, shown in Figure 55, revoalb substan-
tial agreement with the design compenzsniou (KAC Report
G-113-4) (9) for right pedal depression. The residual roll-.
ing moment is small. For left pedal depression however,
there was insufficient compensation and the residual rolling
moment was high. A similar result was noticed in the static
stand tests (Figure 39). This anomoly has not been inves-
tigated in detail, but may be due to asymmetry in compensa-
ting linkage adjustment.

Lateral Stick

The control input of lateral stick deflection is
differential collective pitch with lateral cyclic introduced
to compensatc for the induced yawing moment. Figure 56
shows the rolling and yawing moments for lateral stick.
The lack of accurate yaw compensatioL is immediately appar-
ent (the negligible variation of b1 flapping with differen-
tial pitch). The same thing vas apparent in the hovering
tents (Figure 40). The probable explanation is that so
little compensating lateral cyclic is required, deflection
or lost motion in the control system linkages prevented the
correct cyclic flap input.

In summary, rotor cyclic sensitivity and control
power can be accurately predicted for hovering flight and
low-speed transition flight (Figures 51, 86, 88). At higher
speeds in transition, the analysis underestimates the ex-
perimental values. The reasons for th6 conservatIsr are

not precisely known, but they are probably associated with
a reduction in cyclic inflow factor. The analysis indicates
the physical properties that determine rotor control power.

By proper proportioning of these parameters, any reasonable
amount of control power can be attained. Because the analy-
tical predictioi.s are conservative rather than optimi3tic,
plenty of control is available and proper proportioning can
readily be attained. The mechanical design of the K-16B
aiifreme control system, however, would rcquire stiffening,
re-adlustment, and reduction of lost motions before it could
be considered satisfactory for flight.

Forward Flight Flapping

An articulated rotor minimizes the one-per-revolu-
tion root-bending stresses in the transition phase of tilt-
wing operation. But because the blades are hinged, in
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forward flight they will flap back in response to angle of

attack changes. It is important that this flapping remain
within reasonable bounds.

Figure 57 shows the results of the wind tunnel
tests of blade flapping for the K-16B rotor. Because rotor
bladt; longitudinal flapping effectively tilts the rotor
thrust vector, the resulting vertical component is akin to
the well--known normal force of a hingeless propeller. The

results indicate that the slope 0at/ increases with

advance ratio Jt (see lines marked " .25 and .40). But

even at a JH of 0.43 (137 knots) the longitudinal flapping

is only about 1/3 degree per degree change in angle of
attack. The principal reason for the low value of forward
flight flapping sensitivity of the K-16B rotor is the rela-
tively large flapping hinge offset. The centrifugal force
moment about the offset flapping hinge acts as an effective
spring that is proportional to the offset and the first
mass moment. Therefore, the longitudinal flapping sensi-
tivity is inversely proportional to the offset. The analy-
sis in Figure 57 is that from Appendix D under "Transition
Performance". It is general and valid for any value of

inflow ratio, A, and can be used for forward flight in-

vestigations. A simpler analysis based on single harmonic
flapping was used to construct Figure 85 to point out the
effect of several blade parameters on the forward flight
longitudinal flapping derivative. The figure shows that
high it-irss-orent, f!apping hinge offset. and pitch-
flapping coupling all reduce flapping.
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CONCLUSIONS

The propuisive-rotor has demonstrated its poten-
tial to provide stablo, powerful, positive control through-
out the entire low-speed regimu at a minimum power loss,
fuel consumption, and weight. It does this in a unified
propulsion/conrol package not requiring additional auxil-
iary control devices.

This control system is analogous to the nelicopter
rotor cyclic control concept, operates in much the same
manner, and produces comparable control forces and moments
by cyclically deflecting a trailing edge flap in each blade.
Collective deilection el these flaps provides variable camber
blades that permit best compromise between static thrust and
propeller cruise efficiency. Flapping freedom of the blades
reduces out-of-plane vibratory bending stresses at the high
angles of attack characteristic ol VTOL and SfQl, transition
operation.

The concept was tested on ground bench stands,
and in full-scale wind tunnel testing or a partially deflect-
ed-slipEtream, tilt wing airplane. The particular model,
designed in advance of adequate aerodynami.- and acroelastic
criteria, did not demonstrate the maximum potential of the
propulsive-rotor. However, when correction is made for the
non-optimum design of test hardware, the correlation of
analysis with thrust ano control data obtained at NASA, Ames
Research Center, sihows the validity of the analytical treat-
ment oi performance.

S,

Airframe robtms were the result of eithier a non-
optimalm configuration :tcmming from the limited basic data
availbble during the design phase, but now correctible with
straight forward design approaches based on currently-
availabJe d-ta; d,-tailed hardware deficiencies which would
yield to further conventional development effort; or prob-
lems, basic to the VTOL configuration, which have been
experienced in later programs, and on which research data
are now available. The VTOL airframe is now quite well
understood.

The propulsive-rotor, however, is unique and still
a valuable concept. Data from the K-16B program has been
correlated with analysis and the analyticaL methods improved
since the early design analysis. Present methods accurately
check wind-tunnel performance and control results, and can
be used for reliable parametric analysis of propulsive-
rotors for operationat use.
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Studies have resulted in a new rotor system design
which resolves the problems that appeared in test hardware.
Aerodynamic analyses show that the new rotor design will
provide a sufficient margin of statjc thrust to assure ade-
quate vertical flight performance of the K-16B, and that
control performance will meet the requirements of Specifica-
tion NIL-H-8501A. Recent developments in high-capacity,
nonlubricated control bearings now make the propulsive-rotor
concept practical as well as theoretically feasible. Dynamic
analysis of a rew flap retention and control system geometry
show acceptable bearing P-V loads, and a very marked improve-
ment in both fatigue life and in systom stiffness.

The airplane was designed to furnish an airframe
wi.se size, design load factors, and performance character-
istics were compatible to those required for an anticipated
military mission. Structural analysis substantiated by test
has demonstrated the ability of the K-1GB to safely cperate
in the prescribed envelope.

Wind tunnel tests at NASA, Ames Research Center,
disclosed a rather severe wing stall buffet in transition with
an unprotected leading edge. A leading edge modiiication
that proved very beneficial on the 1/8-scale model did not
improve full--scale results as significantly as expected.

The problem appears to be endemic with the tilt-
wing concept. One solution has been at least partially
successful on the XC-142. Analyses have indicated how the
stall of the K-16B wing can be alleviated or eliminated
during transition both in level flight and at reasonable
rates of descent.

That inct ub ci is L'a6tcd ordc rn
sition stall has been well documented, but no entirely
satisfactory method for analysis of the wing-stall problem
has been developed. At the present, only wind tvnnel tests
of a particular configuration can resolve the pr(.blem. How-
ever, as a result of the correlation between ana. ysis and
K-16B test data, it is believed that the analyti,:ai proced-
ures are useful for initial prediction of turnint angles and
efficiencies.
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APPENDIX A__ _ _ _ _ _

PRINCIPLES OF PROPULSIVE
-..ROTOR CONTROL
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APPENDIX B
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W Figure 58
Exploded View

of
l'ropulbive IHotox
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Figure 59 
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Figure 60

Rotor Hub

Swashplate
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Figure 63
Wing Structure

Internal

Figure 644
Wing Structure

External
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S Figure 65
Spoilers

Nacelle
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Figure 67
Fuselage

Pylon Framingj

Figure 68
Wing Tilt

Trunnions
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4 ~APPENDIX C _
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Figure 70

Main Gear Load Cells

Figure 71

ITail Gear Load Cell
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Remote Conitrol
Consoli

Figure 73

Control Input
Actuators
in Cockpit
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Figure 74
Installing on Thrust Stand

Figure 75
Thrust Stand Installation

Comiplete
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Figure 76
Thrust Stand Operation -Wing Down

II

Figure 77
Thrust Stand Operation -Wing Up

141



Figure 78

Wing Trunnion Fitting

Figure 79
Engine Mount Support Fitting
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Figure 80

in

Figure 81

Installation
Complete
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Figure 82

Tunnel Operation
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APPENDIX D
METHOD FOR DETERMINING

ROTOR PERFORMANCF

Th. re4l1rea.ntm of propeller aeO..try for high FrOs fluld flow theory the lift on an elesent Can
prrprrlllve efficiency in both *tatic end high-speed -on- be eapretted by two equation.:
dillon r esewtit contredictory. vTOL aircraft prop-
elist design bec".ae a csprouso etween corflnting rc-
ooireuentn of heonenlng and creieing flight. to Isile 'L - cul~a dl)

the I.roting efficiency penalty which a hit activityL -, a t r
factor static thrntlqg propeller eatsle," it Is advanta-
geous to operate the honorIng propeller at an high a blade Wed * r-uer (:1)
loading .e poOCblI. Ior eaaple. to aati.iy 'ioring
requirementa highly caeberd airfoil 1 anecr.sry to
attein a high blade loading, Tho rapld 4:op i treqolred bquatng these two enpressione resolta iu an
thrant fron hovering I forward flichtoevor or!e ewpreaaion for rironlion (t' as a functo n o? vhs non-
the propeller to operate at very be throat cooifi.tent. difeolonal lift coefficient:
l .rriae. To operat efficiently at Ion thrust ot-
r :env., a inn aolidity to reqired to keor. the blao, near
the axn li f-drag ratio on the blade ,. lio.. fir r n 2.. (4)
ad.ntages ars apparent for varyJng thy tmasee tor.n ,vlo
a high casher when hoverIrig aodya lower rasber in .rulb-.

The propetaine rotor ar-hioe tarlhlr, casbe, ny and nhhtttatlnr i4) ivitn eqoation (I) glee.:

incorporating plain flaps on the ouboorard portion oI thb

blades. Mean lift toefficlenta of ll hvn besn attesnod
In rotor tsts when the blado ea creebered for dealg &c. L J
lift croefflcIont of 0.l (hAC Report G-1il-4)i5). Tisre a,,
of coore, a drag penalty I o to flap defc ilon lhl. i "t.. bl ir 0
alao enters Into the detarelnotloo of tie crpronsro rotor.

To sInlIa aircraft .eight . .1nam- p-lo|lr Fr.. the -el.ity 41.r..
diaster, no cosequently a relatv-ly high di loading,
ta chosn. it then bcaroeo -oe-ary to letorino the
beet compromse bstween crul.ing efficiency avlo nirnei
figure of amr't at the required throat. *n -'. (A)

t acnse a VOL propoiler -1 nt often operato In
the high angle of attch nndit ion (thin o-tailsd " 0I
codition), a rigid propeller is objected to 1evere i-per Sobhtituting eqcavlon (A) into equaton i ).
-rr root bending trese which l1 inurea e blade wolght. letting x - r/g and replacing the enp ealon for rotor
Th: propulslve rotor sinosiner thl proh%s by elotvg noildity by the ntatlo (0-). result* i
blade flappIng freedon In the iseer of a helicopter rotor.

The method .1 analystn for hover. tra..ition, and rC.Ia Karn* (7)
forerd f!liht In glvs In the following psragraptn.

i 1;hrre. 
K G 

10 the Goldntein correction for blade tip energy

In the strlp-intlyna| nthod of anhlynia the ath a collective flap dflnctino, C, is givee ae

propeller Iade to ceveided to be forad of vvere arc-
tin, each functioning In a to-die,,',rnu flow f1 .fild, Ct aeC'S In the flip region.
The resultant eleenna lift and drag force actng or, the

- S p~~~rof Itisas on e d rotrn o ero oprn

which e hointegrtled to Iter ane toael tirot Uading equation (2). the lift per unit epen I.

torque of the blade. ALL

Proc norten theory roraidnnetlona. the elonity 4r

at any e.ctton in the renoltant of the rotational neloriry

of a blade elee-t and an inaeriernmnrc nelotity nbc to inn

trailing orrtea nyatbe. The forcn. and volociniI,. oting
at ronoaty~ hinu eteent are htian to the fcrlorl pueforrlng in the hover velocity dagra,, ohs
colclty dllogree. _tnfe-rttal thrut end orqen on any ins bId .e.lon

&tj to ittnc.

JL 4L II

I hi Insertilag dr - R d, and introduning the non-

4 dolneni$orsi coef'Icentn C . and C. the reltione for

n~,total elnnontal th.-ut a10 torque say ln written

Hoonr Velocity Diagras A -T eu Ctuwrot CL

. E&i, ( ar t ,gnna$ 1) (1
Fron thc vorte throry the equanion for rndoced So.

where. In the flapped region, for C1 . in the shone equation

Sr a- t. b.etttuIid Cn7 , and ior Cd  ai wulatituted

I1i5
C .--1-5------

__



Again Cosaiderlag the v locity dlagraai, the ye- I-- f. c ,. +C e
Snitsait Velocity at the section can be *apr eaed a

V.An. no0 4, ~ (i C

h~eeling Ie precedin~g eqoation into (10) and
(1 aeltodcIag t1e diensionless parameters. a C , C

a.d C A ir reul to l.
i~f.O~rttOS f. rtell. I ef~ue ft,.-for the Il-l6R rotorar

CT X4a artu t.

at N - 7

and elct Cp an tvefloed to sqoci to C Q C~
INx~

cc

Ttotal forte produced by th, rotor are thenC;
detereloed by a sumai:n of the elneental throt and\
torquei along the blade epan.

meStuffc Ttr.at Perform-nr Analysis

n'. 1 as Cal ... ] ot~ L 11 Ffh F LIGHT

The foreard dilght peifor:&nc. aquatione wore do-
riv:d u.ain. the vortI theory In aunr similar to the

here ai.1ynin.The force, nd retooltie. acting at a
In the original derivation of the vurtex theory typical blade eiao re nhoco in he foiloetag fig-r..*

equatloce. tb. rotor mos aartmed an a diet, that is, toe-
poeed of an infinite awbeber of blade.. When Caicolttog

tMe par forente of arotor, a ti Piae. factor aunt be .
iluded to accou"t = t the ytedoctw n tfOM-uut th.

blIsae tip region incured by aIr aptiflags abooth bad I.".
tip.. In the present me~y~ a a ocnte for the bldoA
tip energy lose In Included by Incl-adleg the Goldstein
Carrection In the detereination of the iod~ced anji. at C-
the"Llad., sectio.

must ie altered to Inciuda, the presne of the hb one.

reteetlon For th1 xl1 e.tetget~ o h
toa anI;e oefcat Ix etended to :.. 20 per-

htegratis . to equatloca (18) -nd (17) FrudPti ooiyftga

C. Ca~~O3~cJ

j [C~L~ '~ The induced oelority at ac element nay ne writtee

J. Considering the velocith diagram tbl the
aae)to ~ In a small eangle ad thus to. 1.0,

the resultant aectlna c..lIociIty i.

UaUoa. U (21)

1541
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ard portio , nu-dimninatd wit r*sPqt to tip sP*04

And in, dealsnatiad 2.-The parp.an1dCin r coyionnt 'a Also
0.i e I, nuid nnoats wth rapot. to tip 4p..4 And ia deo-

U~~u~ a29 a function1ap of these

3iofiatluto of aqortion t24), tie n naiun juilipiaa~to o ~ fa aicin
rotor *oiidlty (0), and a j n .int qir . (20) tlPvi u tor ancm c In f raa .dfetin.,i vdtya

ronit he:1

iprin. ft in rtNtiilY that d~a-rihed in Twal SItS (P

0 '' f muton it -rulo' th_'r Is no "tl Sion on ditec
ratio, teiuw. ra~.1 U orard Ald Aidthemann

town~ fin lift aid drI .oin-t-c iatcs Tb.@ 
dqoottfn-simo

Itunten Ut' t, lur tin, u- n abir ypnhng no-

f ~~~~~. ' A. bti I i io o l i or i ai c ia ia f A i g n

Io 1 in 11 dn fI Or. dJl~
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a whore f. in tioe rotrilonal velocttp about to. control pONitIvs nhen the rotor In tilted back In the oln aotohlro
act. sod (n * r' roe ) is thn radeo. of the nlsent dc' convention. The veoIrity d'o to flapp ag. ri . i Included
9oM tst sat.. The moaet ar &bolt th flapping bing. I. In Up. Th. colocitij. r.:
(We) ta Is . no the total centrifugal soatnt to:

r fU, n a (e~co )V co. ac at- 4,

M.N) u a v.... b . ... I-... ,ow,,,--d

TO. aterodynnaIc force* on abld acinI hwU,,n VC0 0a r (.7
1 n t b c e n t She tt h .

aT.

ciL, &rC-ontrol Anth

Te Irfl nale, ($ . I Obtalned Iro the pro-

t t " Ur/UI

up~ et(F,) tt

nd thn angl o attack, o ' an.

The velocity (U) n* tn relotive volo-,. ".mp od of the c her 4'. reprne*nte the coupling betweoc pitch and flap-
ponse tn T perpendicular to %ho Control &A .. and Up parol- pin g- Along it h t h. Knc h n uab r, U/a .. dnt ern~no c

1O1 to It. Tha elemntary force acting on te btae ar
d. porpendicular to U, ad dlr paraltol to It. Theno glee and r

d 
fr. airfoil nntin data.

vle. to a. eleeatary thrust force, dT , paralll to the If th quanittins V, nC , v, £1L. , . u a, and -.
- r 3rrcontrol axle, and 41r perpodiular to It, aich arc leo 1 are known, MA inn be bound at any acico th.

by: It car be oown. that w be, a ret In rotated at a

d, - dL' Co , t onatant an tlr oity Inetial opa: afoot an axtporpondlcular Io the op1n a. !(prercnIo a~boo thl &'y
anna of th rotor, for toetanra), thn rotor bldna *apni-

eLP, ~ ~ ~ ~ ~ ~ no a, vo )-d ,5.I 44 bratory, fkipi a c anIbat would, if lb. blado
onro rigid, produce. net rotor roll'n' ntnst about t
aircraft "'n aoin. Tho, th OnlanLor of an Infolitol

"
-

The force dP I parallel to the flapping bing* rid" rotor with repact to precebxnai veloitle. would
r o Onocily equiniont tc a gyroeop operating lt the

lad produces no mainat. Tb. forc dT Ic the ease a, if mas sogular cocoltus (ace propellier approxicate thv).
r A

cbo.0 I the previous aktch. ad han an a. r' . 'o It.. The articulated rotor, by virtue of Ito flapping
aerodyneic -fat I.: hlna .. annot trnci' blane flapping s aenta to the h0b.

.to heoce at react this vibratory gyro=opit Ilapping
i coet (due to precenain oboot oe ,'y" colc) by other

r, l c(L - 4 dD. ste 4rA W i) e0no. ni Goon thin by . 1r. aiooaoncitndtnal fiaVrrin-J. ' aecin(-1th in. pert I.c .lc I_ o~ oa to he apI!
axto) thaI producea niboratory .hnga in blade ngln of
I1 tr,, Thi .1, tur,. produco a nrodyncic flapping

Bern. the Intogal Ia taken '.r that portion of the LadI nssent Jont noftticot to Ialante te gyroncopic flppiog
A. tht a. aerodynnulaliy effective. All.o n can then conen. Thi roctitonlendeiicy t' tie lIp patO plone 1o
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'r 1. 1121104 n4rodyacstr effteta. ceo nig In Inertial opaco I wei -doucee d. The inrre-
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section chord, C, equation 33 van be nrltton: 2n

nmont about the aircraft cg due to resultant force vectorM it LI r( (.0 C UA)r ' ......... nad, whor-. f .... flapplg hin....re..preye,
MA' j 'A 0I A h- onent effects, TMi, itn nomot duoe to tip path plano

lo
d is esentility a rotor damping In pitrh contribution to

tao alrfr se.

whore In the flap rnleon C , Igiven cA C% vatO Tbc afore.entiond vibratory aIrlad which resulto
t.6n fr- tin, tip path plan. lIg in i diretion aso that it

and.C as ( vA, t, CJ as Iv the rnr nobtrets fro" the arload on the retreatIng blade &nd In-
atne pitctesg cotton o- tl. I"p pith plne. Thin tends to loas

analycia. tI.t ade of t e rotor dta coat cWpble of carrying the
Ioad _. h y -.~mIn .h .... d: of the disc least capab 1,

The epeed. U. can be napr ed on t..', of Ihi of carrying load. provides retreating-blade stall rolaf-.
flight speed. V. rotor anglo of attach, -C * rotlineal
*ood, -t InflOW neboity paalil to the control aalav, The oxprenonon for the adttlonal flappin anenot
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cou1p derived amid eupme-ietpoced upn ti. fuoppin cuti- 2 a cneiens t o.'i. euainntrmof motion,.fnodenhns noiis To do this 1% ris considered
* fucio 1o the seeu11 nge, + ate than the tme

Cos-ider a particle rotating at Conetar't angular t. Vo t Ing tho for .onstan rotlatioa s.peed "t. T4 .ad
I arc related by ( * n 01A ti thlime dainstiora f
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rotating shout its y" ant. at .n anguisr velocity to - tI
eflh r.@pect to an Inertial spate rs sse iy n,. ,:a

o p a dd 1 o n p ania s .2 .1 .
oilhengh ar ad o-ien' nlitineo y

130 thn blade radius nd all Ivooclihes by dinIIn b y CL R,
I thea 1iP eposi I,; li ayno th.e following diesne..osI.ss

0 qusnhitieu ai. de[Iink-

it R 1T CR ' k&*lyi

a~~nan~~~a.I ~Than. e iten ,nicIsoiiy

COI
The absolute positloca, of tie ynrniclan eve:

The calculation proLctde from an arbitrary atiri-
e - cn. a, 0  _'i point for any siren roshingtioo of ad.anc. ratio.s.

initially the bld sasme ohv partir,-

ri at ner msuh p stion . Tin, starting maumption
The absolute acceleration. ac defines the mI. t-tansoo a-tin, angle of attach dlstlib-

onio sln!he bla1de and vooenuentl.y aemt thesal-
tieo he aerody ami sc hoclamoens Th cubs-

*~~~ ~~ .0 %Xe 7Jfluii "tra cs quart arlectial hailciry oftIhe iade sa etha be calculated
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In ud o. tho fla o sotI Igven. ang th anlec

sitsk dattbuton i gion t eeryradial statio an1 a
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O n l t h " "o'
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APPENDIX EI_________
K-IG6B STABIL1lY AND

___________CONTROL
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1
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Tthe -- ciinefo aielt -t'l .1 jo neft. The rifeciI
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APFE NDIX FI ~ ~K-I6SB PERFORMANCE _________
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